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SOMMAIRE 
En raison du processus de degradation se produisant pendant le vieillissement, la plupart des 
elastomeres subissent une diminution de la valeur particulierement elevee de leur extensibilite 
ainsi que de leur capacite de retour complet apres deformation. Dans cette etude, l'effet du 
vieillissement thermo-oxydatif sur les comportements mecaniques a ete etudie dans le cas du 
neoprene (polychloroprene). 
Les resultats des essais de traction ont montre que le vieillissement thermique provoque une 
augmentation de la densite de reticulation, de la resistance a la traction et de la durete, et une 
diminution de l'allongement a la rupture. La relation contrainte-deformation a grande 
deformation obeit au modele a huit chaines. Cependant, 1'equation de Mooney-Rivlin montre 
la meilleure concordance avec les donnees experimentales dans la gamme des deformations 
moderees et la dependance de ses parametres au vieillissement pourrait etre prevu utilisant une 
relation cinetique de type d'Arrhenius. Avec un vieillissement prolonge ou/et des 
temperatures de vieillissement elevees, le changement des proprietes de rupture est plus 
prononce a la surface que dans la partie interieure de l'echantillon a cause de l'effet 
d'oxydation heterogene. 
Les energies de dechirure obtenues a differents taux de dechirure et pour differentes 
temperatures peuvent etre ramenees a une courbe maitresse unique selon 1'equation de WLF 
(Williams, Landel, et Ferry) indiquant que la dechirure des elastomeres est controlee par un 
processus viscoelastique. Pendant le vieillissement, la reduction de l'energie de dechirure est 
due a une diminution de l'energie de deformation dans la region en bout de fissure, plutot qu'a 
des changements de diametre du bout de la fissure. D'autre part, l'energie de rupture a la 
coupure est presque inchangee pendant le vieillissement en raison d'un effet d'echelle a 
Pextremite de la coupure. 
Les resultats de DMTA montrent une augmentation de la Tg et une diminution de la valeur de 
ramortissement pour le neoprene apres vieillissement. Au contraire, le vieillissement mene a 
une augmentation significative de la dissipation d'energie a grande deformation. Cette 
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contradiction est attribuee a une difference entre les mecanismes d'hysteresis des elastomeres 
a petite et grande deformation. Un nouveau modele theorique a ete developpe pour prevoir la 
perte d'hysteresis des elastomeres dans des conditions differentes de vieillissement et de 
sollicitation mecanique. 
Finalement, il a ete montre que des valeurs d'energie d'activation similaires sont obtenues 
pour le taux de vieillissement thermo-oxydatif du neoprene, qu'il soit mesure par le biais du 
temps d'induction d'oxydation (TIO), de l'energie de dechirure ou de l'allongement a la 
rupture. Pour le neoprene, le TIO correspond au moment ou l'elastomere atteint un equilibre 
optimal entre 1'augmentation de la resistance due a la formation de liaisons reticulaires 
additionnelles et la capacite du reseau reticule a dissiper l'energie de deformation. Les 
resultats montrent que des mesures de temps d'induction thermique a haute temperature 




Due to degradation during aging, most elastomers lose their particularly high extensibility as 
well as their ability to completely recover after deformation. In this study, the effect of 
thermo-oxidative aging on mechanical behaviors was investigated for neoprene 
(polychloroprene rubber). 
The results from tensile tests have shown that thermal aging resulted in an increase in 
crosslink density, tensile stress and modulus, as well as a decrease in ultimate elongation. The 
tensile stress-strain relationship at large strain obeys the eight-chains model. However, 
Mooney-Rivlin equation shows the best fit for the experimental data in the range of moderate 
strain and its parameters dependence on aging could be predicted using Arrhenius-type kinetic 
relation. With prolonged aging or/and at higher aging temperatures, the change in properties is 
more pronounced at the surface than in the bulk of the sample due to the effect of 
heterogeneous oxidation. 
Tearing energies measured at different tear rates and temperatures can be superimposed on a 
single master curve in accordance with the WLF (Williams-Landel-Ferry) rate-temperature 
relation, indicating that tearing in elastomers is governed by a viscoelastic process. During 
aging, the decrease in tearing energy can be associated with a decrease in the strain energy 
density in the crack tip region rather than with changes in the crack tip diameter. On the other 
hand, the fracture energy for cutting process is almost unchanged during aging due to a scale 
effect at the cut tip. 
The results from DMTA (Dynamic Mechanical Thermal Analysis) indicate an increase in Tg 
and a decrease in the damping value of neoprene after aging. In contrast, aging leads to a 
significant increase in the energy dissipation at high strain. This discrepancy can be attributed 
to the difference between the mechanisms of hysteresis of elastomers at low and high strain. A 
new theoretical model has been developed for predicting the hysteresis loss of elastomers 
under different aging and loading conditions. 
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Finally, it has been found that the rate of thermo-oxidative aging in neoprene provides similar 
values of activation energy when measured either by the oxidative induction time (OIT), by 
the tearing energy or by the tensile ultimate elongation. For polychloroprene, the OIT 
corresponds to the moment when the elastomer reaches an optimized balance between 
strength enhancement from additional crosslink formation and the capability of the 
crosslinked network to dissipate deformation energy. The results show that thermal induction 
time tests at high temperatures can be used as a useful technique to predict the fracture 
performance of elastomers at lower temperatures. 
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1. CHAPTER 1: 
INTRODUCTION 
1.1 Thermo-oxidative aging effects on chemical and mechanical properties of 
elastomers 
Rubber materials find many uses as engineering materials because of their unique 
combinations of elastic and viscous properties. However, under different environmental 
conditions elastomers and their products generally lose their useful properties as a result of 
polymer chain degradation. Particularly, for most elastomers in oxygen-containing 
environments, their strength can be seriously affected by oxidation and the effect becomes 
worse when subjected to high temperatures. It is known that a small amount of oxygen (ca. 
1%) absorbed by a natural or synthetic rubber can have a deleterious effect on its physical 
properties [MCDONEL et al., 1959]. Moreover, the trend to higher service temperatures in 
many industrial applications in automobiles, electrical insulation, etc., has demanded the use 
of more thermally, oxidatively stable elastomers. Considerable research efforts have been 
devoted to characterize and quantify the resistance of elastomers to oxidation. In order to 
determine the resistance of a vulcanizate to oxidation, accelerated aging at higher 
temperatures are commonly used to predict the long-term behavior. Such aging tests can be 
carried out in a circulating air oven [ASTM D573-81, 1981]. The resistance to oxidation is 
quantified commonly by measuring changes in chemical and mechanical properties. During 
thermal aging main chain scission, crosslink formation and crosslink breakage can take place 
[HAMED et al., 1999; MORAND, 1977]. If chain scission dominates during aging, the 
elastomer softens and eventually may become sticky, resulting in decreases in tensile stress at 
a given elongation, decreases in hardness, and either increases or decreases in ultimate 
elongation depending on the extent of degradation. This is the usual behavior of unfilled NR 
and IIR (Butyl rubber) vulcanizates [GENT et al., 1992]. If crosslinking dominates during 
aging, the elastomer hardens and embrittles resulting in increases in tensile stress at a given 
elongation, increases in hardness, and decreases in ultimate elongation. This is the general 
behavior of butadiene-based material such as polybutadiene, styrene-butadiene rubber, and 
acrylonitrile-butadiene rubber. It is also possible that the existing crosslinks may break and a 
more stable type of crosslink can be formed. The extent of change in property is governed by 
l 
the relative ratios and magnitudes of such reactions [VARGHESE et al., 2001]. During 
thermal aging, main-chain scission, crosslink formation and crosslink breakage can occur, 
leading to severe changes in mechanical properties. Hamed and co-workers [HAMED et al., 
1999] have studied the tensile behavior after oxidative aging of gum and black-filled 
vulcanizates of styrene-butadiene rubber (SBR) and natural rubber (NR). They have found 
that networks of diene elastomers, such as SBR and NR, are readily altered by reaction with 
oxygen, which causes chain scission and crosslinking. After oxidation, a vulcanizate softens 
or stiffens, depending on whether chain scission or crosslinking is more extensive. In the 
study of the effect of thermal aging on dynamic mechanical properties of three different 
crosslink systems [FAN et al., 2001], it has been found that heat aging leads to the increase of 
the glass transition temperature, Tg, and tan5 through the whole range of temperatures mainly 
due to changes in the total crosslink density and crosslink types. In the study of Deuri et al. 
[DEURI et al., 1987], the critical cut length of natural rubber (NR) has been observed to 
increase with time of aging. Other works have dealt mainly with the changes in ultimate 
tensile properties, i.e. strength and elongation at break, due to aging of several elastomers such 
as SBR, NBR (Nitrile rubber) and EPDM (ethylene-propylene-diene terpolymer) 
[BUDRUGEAC, 1997; GILLEN et al , 1996; HUY et al., 1998]. However, there is no 
systematic study on the effect of aging on tearing and cutting behaviors of rubbers. The 
fracture mechanics approach based on the tearing energy G proposed by Rivlin and Thomas 
[RIVLIN et al., 1953] has proven to be successful in characterizing fracture behaviors of 
rubber. The applicability of the energetic approach developed by Rivlin and Thomas has been 
verified by a number of researchers [GREENSMITH, 1963; GREENSMITH et al., 1955; 
THOMAS et al., I960]. The approach has been applied successfully in a range of phenomena 
involving the growth of cracks or the separation of bonds, such as tear behavior 
[BHOWMICK et al., 1983; GENT et al., 1994b; TSUNODA et al., 2000], crack growth and 
fatigue [GENT et al., 1964; LAKE et al., 1964], cutting by a sharp object [GENT et al., 1996; 
LAKE et al., 1978], and abrasion [SOUTHERN et al., 1978]. Because of the possibility of 
heterogeneous oxidation during aging at high temperatures, oxidative hardening is more 
significant at the sample surface than in the interior regions, thus leading to the formation of a 
brittle surface layer [CELINA et al., 1998; CELINA et al., 2000; MALEK et al., 1992; WISE 
et al., 1995]. This hard surface skin can be considered as a fracture initiation zone, which may 
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markedly affect the tearing behaviors of elastomers. Moreover, since elastomers fail by slow 
crack growth in many applications, the change in fracture behavior with time is of great 
practical significance. This study aims to foster a deeper understanding of the variations in 
tensile, tearing and cutting behaviors of elastomers as well as their correlations with chemical 
changes caused by thermo-oxidative aging . 
From a fundamental point of view, the changes in mechanical properties caused by thermal 
aging are governed by changes in chemical properties during oxidation processes. When 
elastomers are in air environments, the chemical reactions dominating the long-term 
degradation usually involve the oxygen dissolved in the material. Bolland and co-workers 
were the first to understand the oxidative attack on rubber in terms of oxidative attack on low 
molecular weight hydrocarbon analogs of rubber [BOLLAND, 1949]. The principal 
mechanism of oxygen attack involves an autocatalytic, free radical reaction. The first step is 
the creation of macroradicals as a result of hydrogen abstraction from rubber chains by a 
proton acceptor: 
RH -> £ • + H» 
Oxidation continues by reaction of macroradicals with oxygen and the subsequent formation 
of peroxy radicals and hydroperoxides: 
R* + 02 -> ROO» 
peroxy radical 
ROO* + RH -> ROOH + R* 
hydroperoxide 
Hydroperoxide can decompose unimolecularly or react bimolecularly: 
ROOH -> RO* + *OH 
3 
2R00H -> RO* + ROO* + H20 
Termination of propagating radicals occurs in three ways: 
2R* -> R-R 
R* + ROO» -> ROOR 
2ROO* -> non radical products + 02 
As mentioned above, it has been shown that oxidative degradation in rubber is accompanied 
by an increase in oxygen content [WAKE et al., 1983]. Thus measurement of oxygen 
consumption provides an efficient way of evaluating the degree of degradation that has taken 
place in rubbers [CELINA et al., 1998; GILLEN et al., 1996; MALEK et al., 1992; WISE et 
al., 1995]. As oxidation proceeds, the consumption of oxygen within the rubber commonly 
results in increases in carbonyl and hydroxyl regions present on the material which can be 
observed using infrared (IR) spectroscopy. IR spectra of the imaged rubber material and of 
rubber material exposed to oxidative conditions have been used to study structure changes 
during oxidation and oxidation kinetics. Celina et al. [CELINA et al., 1998; CELINA et al., 
2000] have studied oxidation profiles of thermally aged nitrile and neoprene rubbers using 
infrared microscopy. The spatial profiles of the actual oxidation chemistry (carbonyl and 
hydroxyl formation) were compared with modulus (hardness) profiles, which are related to 
changes in mechanical properties. They have found that the degradation of these materials 
proceeds via a linear increase in the carbonyl concentration, but an exponential increase in the 
modulus with time. However, the increases in carbonyl and hydroxyl structures due to aging 
did not occur until after a certain induction time during oxidation. Similarly, thermo-analytical 
techniques, such as differential scanning calorimetry (DSC), provide useful tools to determine 
oxidative induction times under isothermal conditions [MASON et al., 1993; PARRA et al., 
2002]. The isothermal DSC technique involves subjecting a polymer sample to an isothermal 
temperature under an oxidizing atmosphere until an oxidative exotherm occurs. At this point, 
one calculates the time to the onset of oxidation and uses this "onset time" as an indication of 
polymer's resistance to oxidation. Other works [ANANDAKUMARAN et al., 1992; 
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OSWALD et al., 1965] also confirmed the existence of an induction period for aging, such 
that relatively little change occurs during the induction period, followed by abrupt changes 
leading to catastrophic failure both in chemical (oxygen consumption rate, carbonyl index, 
weight loss, gel fraction) and mechanical (density, viscosity, ultimate elongation, ultimate 
tensile strength, impact index) properties. In a recent study of Malek and Stevenson [MALEK 
et al., 1992] using puncture tests, a characteristic time ta which represents the time to reach 
either the minimum in the puncture energy curve or the time to attain the low level of puncture 
energy characteristic of long-term aging was determined for each aging temperature. It has 
been found that the time ta decreases with increasing temperature according to the Arrhenius 
equation. Arrhenius methodology which can be applied using various experimental techniques 
such as thermogravimetric analysis (TGA) [DENARDIN et al., 2002], DSC [BURLETT, 
1999; GOH, 1984], infrared spectroscopy [CELINA et al., 1998; CELINA et al., 2000], etc., 
has been found to be useful to extrapolate accelerated thermal-aging results to use-temperature 
conditions. This method is based on the observation that the temperature dependence of the 
rate of an individual chemical reaction is typically proportional to exp(-Ea /RT), where Ea is 
the Arrhenius activation energy, R is the ideal gas constant, and T is the absolute temperature. 
In general, the aging of a polymer can be described by a series of chemical reactions, each 
assumed to display an Arrhenius behavior. If the relative mix of these reactions remains 
unchanged throughout the temperature range under analysis, a linear relationship will exist 
between the logarithm of the time to a certain amount of material property change and 1/T. 
The value of Ea is then obtained from the slope of the line. If, on the other hand, the relative 
mix of degradation reactions changes with changes in temperature, the effective activation 
energy Ea would be expected to change, and this would lead to curvatures in the Arrhenius 
plot. Most commonly, aging is a complex mechanism resulting from a combination of several 
elementary processes that may have different activation energies. 
1.2 Material 
A commercial neoprene (polychloroprene) was used in this work to investigate the effect of 
thermo-oxidative aging on chemical and mechanical behaviors. Polychloroprene (PCP) is 
widely used in wire and cables sheathing applications due to its good resistance to weathering, 
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ozone, abrasion, flame and oil [BAMENT et al., 1981]. The major limitation with PCP is its 
relatively poor heat aging resistance. These materials show reasonably good resistance to 
oxidative aging up to 80°C. However, degradation becomes more pronounced when they are 
exposed to temperatures above 100°C, with a higher probability of brittle fracture 
[FLETCHER, 1982]. 
In the present study, tests were carried out using neoprene sheets of three thicknesses (0.4 
mm, 0.8 mm and 1.6 mm) supplied by Fairprene Industrial Products Co. USA. 
Thermal aging experiments were carried out in a convection oven, Model B45 C40 
(Gruenberg Electric Company Inc.) under various combinations of aging time and aging 
temperature. After aging, specimens were cut from the sheets for room-temperature study of 
tensile, tearing and cutting behaviors. 
1.2.1 Polychloroprene (PCP): history and applications 
Polychloroprene rubber was discovered in 1930 at E. I. DuPont de Nemours & Co. in 
Wilmington Delaware. The discovery grew out of a need to develop a synthetic substitute for 
natural rubber. DuPont first marketed this first commercially successful synthetic elastomer as 
DuPrene in 1933. In response to new technology development that significantly improved the 
product and manufacturing process, the name was changed to neoprene in 1936. 
CH s = CH • H C = C— C H = CH2 
(Acetylene) ( Catalyst) (Mono Vinyl Acetylene) 
CL 
I 





CH2— C = CH — CH2— 
( POLYCHLOROPRENE) 
Figure 1-1: Polychloroprene is produced by polymerization 
Since the time of its introduction to the marketplace, PCP has been more than a simple 
replacement for natural rubber. Like natural rubber, PCP is rubbery, resilient, and has high 
tensile properties. However, PCP has better heat stability, better resistance to varying 
environmental weathering conditions, superior flex life, excellent solvent and oil resistance, 
and reasonable electrical properties when compared to natural rubber. This unique 
combination of properties poised PCP for solving many of the potential problems besetting the 
automotive, construction, footwear, specialty apparel, transportation, and wire and cable 
industry throughout the twentieth century and beyond. The good balance of properties has 
made the polymer useful in a large divergent list of applications including aircraft, appliance, 
automotive, bridge pad, chemical-resistant clothing, home furnishings, machinery, mining and 
oil field belting, underground and undersea cables, recreation, and tires. At the present time, 
the worldwide consumption of neoprene approximates almost two hundred million pounds per 
year. 
1.2.2 Thermo-oxidation and mechanical properties of PCP 
The weather and ozone resistance of PCP is enhanced by the presence of chlorine atoms in the 
molecule. Thus, polychloroprene is more resistant to environmental elements than natural 
rubber. In comparison to saturated elastomers, PCP is less heat and oxidation resistant. Based 
on studies of the thermal degradation of uncrosslinked polychloroprene under nitrogen, it was 
suggested that dehydrochlorination of PCP is restricted [MIYATA et al., 1988]. The 
degradation of uncrosslinked polychloroprene under oxygen involves HC1 elimination, in-
chain carbonyl formation and various other hydroperoxide products [BAILEY, 1967]. The 
thermal degradation of crosslinked neoprene rubber [JOHNSON, 1979] under oxygen was 
also found to result in oxidative chain scission, in-chain carbonyl and volatile formation, and 
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enhanced possibilities of dehydrochlorination. The elimination of HCI (dehydrochlorination) 
of PCP on aging has already been demonstrated by determining the HCI content of unaged 
and aged PCP. The HCI content of gum PCP rubber decreases from 22.3% to 15.9% on aging 
for 5 days at 100°C [KALIDAHA, 1991]. In a recent work [CELINA et al., 2000] on the 
degradation of unfilled crosslinked PCP, it has been found that oxidation leads to a 
considerable and broad increase in the hydroxyl (-3400 cm"1) and conjugated carbonyl (-1660 
cm"1) regions, as shown in Figure 1-2. Similar spectral changes during the thermal oxidation 
of a neoprene specimen were observed when studying the in-situ oxidation using FTIR 
emission at elevated temperatures [CELINA et al., 1997; DELOR et al., 1996]. 
mm mm -moo mm mm isoe mm 
Vavmaumbmr em 
Figure 1-2: Spectral growth in the carbonyl and hydroxyl regions for thermally aged neoprene 
rubber samples, (a) unaged material, (b) aged 21 days at 125°C (sample interior) 
and (c) aged 21 days at 125°C (sample edge) [CELINA et al., 2000] 
The increases in carbonyl and hydroxyl regions are commonly related to the consumption of 
oxygen within the rubber. As shown in Figure 1-3, it has been found that the oxygen 
consumption rate is not constant during oxidation [WISE et al , 1995]. After an initial 
induction period, oxidation rate increases rapidly with time and temperature leading to abrupt 
changes in both chemical and mechanical properties. However, a similar induction time in 
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Figure 1-3: Oxygen consumption rates for neoprene as function of aging time and 
temperature. Induction periods are evident at 96°C, 111°C and 125°C [WISE et 
al., 1995] 
Despite the large applications of polychloroprene in the industry, the understanding of the 
thermo-oxidative aging on mechanical behaviors of PCP is limited. Most of previous works 
involving polychloroprene have mainly aimed at studying the degradation characteristics of 
the material using thermal techniques such as TGA (thermogravimetric analysis), DSC, 
infrared (IR) spectroscopy or DMTA (dynamic mechanical thermal analysis) [BAILEY, 1967; 
DELOR et al., 1996; GILLEN et al., 2004; KALIDAHA et al., 1993]. It has been found that 
the glass transition temperature, Tg, of polychloroprene shifts to higher temperatures during 
aging and the peak tan5 value (at the glass transition temperature region) of aged samples is 
significantly lower than that of imaged ones [KALIDAHA et al., 1993]. Though the log E' 
value of the aged sample is reduced below the Tg of PCP, the value is markedly higher above 
Tg in comparison to that of unaged PCP. The results clearly indicate that PCP becomes stiffer 
on aging, probably due to crosslink formation of the polyene due to the dehydrochlorination of 
PCP as mentioned earlier. Similar increase in the surface modulus of PCP caused by thermal 
aging has also been reported recently [CELINA et al., 2000; GILLEN et al., 2004]. In these 
studies, it was shown that the oxygen consumption was well correlated with the surface 
modulus and ultimate tensile elongation and their relationship could be described using the 
Arrhenius approach with an activation energy Ea = 90-94 kJ/mol. However, the effect of aging 
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on some important fracture behaviors of PCP such as tearing and cutting has not yet been 
investigated. 
1.3 Objective and scope of the study 
The aim of the proposed study is to investigate systematically the effects of thermal aging on 
tensile, tearing and cutting behaviors of polychloroprene and correlate these changes in 
mechanical properties due to aging with changes in the chemical properties measured by 
DMTA and DSC techniques. The scope and methodology of experimental works to be 
performed are as follows: 
(a) To investigate the effects of aging on tensile behaviors of polychloroprene rubber 
(PCP). Three models (Gaussian, Mooney-Rivlin and Eight-chains model) will be used 
to study the effect of thermal aging on stress-strain curves. A new theoretical model 
will be developed to predict the change in Mooney-Rivlin parameters (Cy and Ci) due 
to aging. 
(b) To determine the variations in tearing and cutting resistance of PCP due to thermally 
accelerated aging. An analytical correlation between these fracture properties and other 
mechanical properties (such as tensile strength, tensile ultimate elongation, and 
fracture toughness) will be considered. An attempt will be done to apply time-
temperature superposition to the effect of aging on the tearing and cutting energy. 
(c) To study the effect of thermal aging on viscoelasticity of PCP. Time-temperature 
dependence on tearing behaviors of PCP will be investigated using the WLF 
(Williams, Landel, and Ferry) relation. These results may be useful to predict the 
fracture performance of PCP under different working conditions. Hysteresis loss will 
also be calculated for unaged and aged samples to study the chain mobility variation. 
A new theoretical model will be developed to predict the hysteresis loss of elastomers 
as a function of deformation, aging time and aging temperature. 
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(d) To measure the variation in the glass transition temperature (Tg), tanS and log E' 
caused by thermal aging using DMTA technique. The induction time to the onset of 
the oxidation can be quantified using DSC. Arrhenius method will be then applied to 
calculate the activation energy controlling chemical changes during aging. 
(e) To develop a quantitative relationship between mechanical and chemical properties by 
comparing the activation energies calculated from the change in these properties due to 
thermally accelerated aging. 
1.4 Interest and valuation of the study 
From a practical point of view, the phenomenon of aging has an important role in many 
industrial applications of elastomers, for example, in automobiles, electrical insulations, etc. 
The proposed study is expected to bring a deeper understanding of the influence of thermo-
oxidative aging on the mechanical behaviors of polychloroprene. Some energetic approaches 
and theoretical models developed from this work could be applied for other rubber systems. 
Furthermore, a good understanding of the aging behavior of a material is necessary to the 
forecast of its long-term performance from short-term tests. 
In terms of scientific contribution, a part of this study involving tensile and tearing behaviors 
has been published in three material journals [HA-ANH et al., 2004a, HA-ANH et al., 2005a; 
HA-ANH et al., 2005b] and one international conference [HA-ANH et al., 2004b]. The rest of 
this work including results of the cutting, DSC and hysteresis studies will be submitted soon. 
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2. CHAPTER 2 
EFFECTS OF AGING ON TENSILE BEHAVIORS OF PCP 
2.1 Introduction 
Rubber-like materials are classically considered isotropic, incompressible and hyperelastic. In 
general, their stress-strain relationship can be deduced from the strain energy density W, and 
each particular model is described by a special form of this function [TRELOAR, 1974]. The 
major challenge is the construction of W according to phenomenological or/and physical 
considerations. Assuming that a satisfactory strain energy density has been defined, the 
principal true stresses are given as: 
On = 21 
* , = 0 
k 2dW 1 dW 
\ 
' dlx k]dl2j + P 
(2-1) 
in which //, h are the strain invariants (I3 = 1 because elastomers are incompressible), X\, X2, 
X3 are the principal extension ratios and p stands for the hydrostatic pressure introduced by 
the incompressibility assumption. More details about the development of this equation can be 
seen in the section "APPENDIX: ELASTICITY OF RUBBER". In the case of uniaxial tensile 
test: X,i = A,, X.2 = A.3 = 1/ X,1/2, the true stress <rx = <j calculated from Equation (2-1) becomes: 
CT = 2 
X 
\\(dW \ dW 
• + -
v dlx A dl2 j 
(2-2) 
In terms of the applied tensile force per unit of undeformed cross-sectional area (engineering 
stress), Equation (2-2) becomes: 
engineering * 
f





^ dlx A dl2 j 
(2-3) 
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The forms of the strain energy density W have been examined by many authors since the 
1940s. They are mainly derived using two approaches: the molecular approach based on 
network physics, and the phenomenological or empirical approach based on mathematical 
development. In the following section, the development of constitutive models using these 
approaches is briefly presented. 
2.1.1 Constitutive models based on molecular approach 
The first approach used to develop stress-strain relations for rubber-like materials is based on 
network physics. The polymer is considered as a network of long chains randomly oriented 
and joined together by chemical cross-links. According to the statistical theory of rubber 
elasticity, the deformation is associated with a reduction of entropy in the network 
A/ Gaussian statistics model 
The statistics mechanics approach begins by considering the rubber structure as a network of 
long molecular chains randomly oriented and joined together by chemical cross-links. When 
deformation is applied, the chains network stretches and its configurational entropy decreases. 
If one considers the deformation of an assembly of n chains contained in a unit volume of the 
network by a principle stretch state ( \ , X2, /t3) and the deformation is such that the chain 
vector length (i.e. distance between two ends of the chain) does not approach its fully 
extended length, then the elastic strain energy density, W, can be derived from the change in 
configurational entropy and is found to be: 
WG = - nkT{x\ +%+%-3) (2-4) 
where k is the Boltzman's constant and T is the absolute temperature. In the case of uniaxial 
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(2-5) 
Small strain modulus EG of the Gaussian model is deduced from the definition: 
E = l i m Engineering = H m Engineering = ^ ^ 
*->° de ^> dA 
(2-6) 
Thus, Equation (2-5) can be expressed as follows: 
<7 
engineering A- A2 
(2-7) 
in which the parameter EG of the model can be determined from experimental data by plotting 
the engineering stress as a function of f O A — 
A2 
This model agrees well with experiments for 
small strains and has been applied to many phenomena, such as swelling in solvents, 
photoelasticity, etc., as well as in all of fields which require a profound physical insight into 
the molecular mechanisms. However, certain deviations between the observed forms of stress-
strain relations for rubbers and the corresponding forms predicted by the statistical theory 
(particularly in the case of simple extension) lead a necessity of providing a more realistic 
representation of the actual properties. 
B/ Non-Gaussian statistics models 
In order to overcome the limitations of the previous model, in 1942, Kuhn an Griin used the 
non-Gaussian statistics theory to describe the stretching limit of chains [KUHN et al., 1942]. 
This approach is based on the random walk statistics of ideal phantom chain. Consider a 
molecular chain composed by JV monomer segments of length /; its average unstretched length 
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is <JNI and its total stretched length is Nl. Consequently, the limiting extension ratio is 4N 
and the strain energy function of the chain, w, can be written in the following form: 
w = NkT 
X
 a 1 P 
/? + ln— r N sinh/? 
(2-8) 
in which and Lx is the inverse Langevin function defined by 
L{x) = coth(x) - 1 / x. Thus, the true stress in a single chain is obtained by derivation of w with 
respect to the extension: 
G = A— = AkTyfN r 1 dX 
f
 A > (2-9) 
To incorporate these more accurate individual chain statistics into a constitute framework, it is 
necessary to have a model that relates the chain stretch of individual chains to the applied 
deformation; this is accomplished by assuming a representative network structure. Four 
network models are shown in Figure 2-1. The unit cell used in each of these models is taken to 
deform in principal stretch space. 
<a) <b) 
(«> <tl} 
Figure 2-1: Schematic of (a) full network model, (b) three-chains model, (c) four-chains 
model, (d) eight-chains model 
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In the fall network model (Figure 2-1 (a)), Treloar and Riding consider a unit sphere of the 
material in which the chains are randomly oriented [TRELOAR et al., 1979]. The stress in 
Equation (2-9) is numerically integrated on the sphere to obtain the response of the network 
under uniaxial or biaxial extensions. More recently, Wu and van der Giessen proposed a 
method to integrate stresses for all loading cases [WU et al., 1993]. The principal Cauchy 
stresses (ui ).=13 are given by: 
n In X 
aj=-p + — CR4N\ f r 1 -== X4mf sin9d9dtp 




where CR =nkT, ml = sin#cos^, m2 =sin#sin^, m3 =cos$ and X 2 - ^ 
The main advantage of this model is that it depends only on two physical parameters ju and N 
that can be easily determined experimentally. This model agrees well with experiments for 
various deformation modes [WU et al., 1993]. Nevertheless, the model suffers from the 
required numerical integration of the stress tensor. This difficulty does not permit its 
implementation in finite element codes because of excessive computing time. 
Other authors used the non-Gaussian statistics theory to develop simpler models, which do not 
require numerical integration. Figure 2-1 (b) presents the three-chains model, which was 
derived by James and Guth [JAMES et al., 1943]. The principal true stresses can be expressed 
as functions of the principal stretch ratios as: 
ot=-P + ^CRjNXtL- X, (2-ll) 
Similarly, a four-chains model was developed by Flory [FLORY, 1944]. The privileged 
directions are defined by the centre of the sphere and the vertices of the enclosed tetrahedron. 
They connect the centre of the tetrahedron with its vertices (see Figure 2-1(c)). The stress-
stretch relation cannot be expressed in a simple way because the position of the centre must be 
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calculated for each particular deformation state. Moreover, this model gives similar results to 
the three-chains model. For these two reasons, it is not frequently used. 
The more recent model based on this approach is the eight-chains model developed by Arruda 
and Boyce [ARRUDA et al., 1993]. It is based on a unit cube enclosed in the unit sphere. The 
chain directions are defined by the half diagonals of the cube. Figure 2-1(d) shows the 
geometry of the model. The major feature of this model is the symmetry of its geometry with 
respect to the three principal axes. Therefore, the eight chains are stretched with the same 




NAcha,J + N\n 
sinh/? 
(2-12) 
where CR = nkT, and f3 = L ,(*. chain This model is based on the statistics of the underlying 
macromolecular network where n is the chain density (number of molecular chains per unit 
reference volume) and N is the number of "rigid links" between two crosslinks (and/or strong 
physical entanglements). For the case of uniaxial tensile test, the eight-chains model gives the 
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and the number of "rigid links" between two crosslinks N has been found to be related to a 
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Figure 2-2: Signification of Aa t in the eight-chains model 
It has been found that the eight-chains model predicts biaxial data more successfully than the 
3-chains and 4-chains models [WU et al., 1993]. Due to its relatively simple mathematical 
expression and its ability to reproduce different deformation modes with only two parameters, 
the Arruda-Boyce eight-chains model remains a good compromise to describe large strains of 
elastomers. It was successfully used for optics applications [VON LOCKETTE et al., 1999] 
and structural mechanics [ALLPORT et al., 1996]. 
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2.1.2 Constitutive models based on empirical approach 
In this approach, the strain energy density W is mainly derived from functions of the strain 
invariants h and h [GENT, 1996; GENT et al , 1958; HART-SMITH, 1966; MOONEY, 
1940; RIVLIN et al , 1951] or of the principal stretch ratios (AJ.= 1 3 [OGDEN, 1972; 
VALANIS et al., 1967]. All of these constitutive equations are based on experimental 
observations and mathematical developments. No physical considerations are invoked to 
justify the various expressions of the strain energy function W. 
A/ Models based on invariants // and h 
Most continuum mechanics treatment of rubber elasticity begin with the fundamental basis of 
continuum mechanics for an isotropic, hyperelastic material which is that the strain energy 
density must depend on stretch via one or more of the three invariants, Ih of the stress tensor: 
1 j — /![ + /C2 + A3 
±2 — /tj /L, + -^ f-2 3 ~^~ ^3"1 
i j — /tj AjA^ 
(2-16) 
In addition, the elastomer is often approximated to be incompressible; thus I3 = 1 and does not 
contribute to the strain energy. As proposed by Rivlin [RIVLIN, 1948], one general 
representation of W is given by: 
»"* = Zcv(A -3X(/2 -3V (2-17) 
i,j=0 
where CtJ are material parameters. When only first term is retained, one obtains: 
Wm=C1{ll-3) (2-18) 
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which is often called the neo-Hookean model. Note that Equation (2-18) is the continuum 
mechanics equivalent to the Gaussian model presented in Equation (2-4) where Cl=— nkT 
By keeping the second term of the Rivlin expression, the equation first derived by Mooney 
[MOONEY, 1940] is obtained: 
WMR=Cl{ll-3)+C2{l2-3) (2-19) 
This model is often referred to as the Mooney-Rivlin model and has been extensively utilized 
in studies of elastomer deformation. The Mooney-Rivlin equation gives a closer 
approximation to the actual behavior of rubbers than the Gaussian/neo-Hookean model. For 
uniaxial loading (tension or compression) the nominal stress-stretch behavior of the Mooney-
Rivlin model is given by: 
_ 21 f i 2 
engineering I 1 j X2 
(2-20) 
A Mooney plot graphs the reduced stress cr
 jneerjng l\X-\l X1) as a function of MX. Several 
works have shown that plotting uniaxial tension data on a Mooney plot yields a straight line of 
non-zero slope in the small to moderate stretch range thus supporting the Mooney-Rivlin 
model [GUMBRELL et al , 1953; RIVLIN, 1948; TRELOAR, 1974]. From the Mooney plot 
Ci is obtained by extrapolating the linear portion of the curve to/T1 = 0, and C2 is derived 
from the slope of the linear portion. Problems associated with the use and interpretation of the 
Mooney-Rivlin equation and the constants Ci and C2 have been stressed by Treloar 
[TRELOAR, 1974] and Mark [MARK, 1975]. In molecular terms, the constant Ci in the 
Mooney-Rivlin model depends primarily on the crosslink density and is essentially 
independent of network swelling [ALLEN et al., 1971; GUMBRELL et al., 1953]. The degree 
of crosslinking, Ncrossnnk, is determined as follows: 
2C 
^crosslink ~ , ^, \A~^^J 
KT 
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Following the general form of W proposed by Rivlin, several investigators have used higher 
order terms in 7/ and, in some cases, h, to account for the departure from neo-
Hookean/Gaussian behavior at large strains. One model of this type is the Yeoh model 
[YEOH, 1993]: 
^ F = C 1 ( / I - 3 ) + C 2 ( / 1 -3 ) 2 +C 3 ( / 1 -3 ) 3 (2-22) 
Using the higher order Ij terms in the strain energy function has been shown to work well in 
capturing different deformation states at moderate to large deformations. An alternate high 
order I\ model has recently been proposed by Gent [GENT, 1996]: 
wGmt=--M 
6 "* M 
(2-23) 
where Jx = (lx - 3), E is the small strain tensile modulus, and JM denotes a maximum value 
for Ji where, as Ji approaches JM, the material approaches limiting extensibility. As discussed 
by Boyce [BOYCE, 1996], the natural logarithm term in the Gent model can be expanded to 
yield the following expression for the strain energy: 
W =* 
ry
 Gent , 
(71-3) + ^ ( / 1 -3) 2 + -U/ 1 -3) 
2J M 2>J 
+...+ 
1 
M (" + 1VM r('i-3r (2-24) 
which is a form of the Rivlin expression (Equation (2-17)) with all coefficients, CM, now 
related to the two properties E and JM- Boyce [BOYCE, 1996] also showed the equivalence 
between the eight-chains and the Gent models by establishing the following relationships 
between their material parameters: 
E = 3fii and JM=3(N-l) (2-25) 
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When compared to Treloar data, both the Arruda-Boyce eight-chains model and the Gent 
model were fit to the uniaxial tension data and the biaxial tension model results are 
predictions. 
B/ Models based on principal stretch ratios Ax, A2, and A3 
Strain energy density functions based on the principal stretches have also been proposed by 
several authors. Valanis and Landel [VALANIS et al., 1967] proposed a model whereby the 
strain energy is a separable function of the principal stretches: 
^ = I > C O (2-26) 
in which the three function w(At) are all of the same form and experimentally obtained. 
Following the similar approach, Ogden [OGDEN, 1972] proposed a specific form for the 
strain energy function in terms of principal stretches: 
W0 = S — (%' + r2 + *? ~ 3) (2-27) 
where (xn and an are constants and may have any value including non-integer values. 
Among the constitutive models reviewed above, the Gaussian model (for small 
deformations), the Mooney-Rivlin model (for moderate deformations) and the Arruda-Boyce 
eight-chains model (for large deformations) are the ones that have been used mostly in 
literature for description of the stress-strain behavior of elastomers. In this study, these three 
models were used to investigate the effects of thermo-oxidative aging on uniaxial tensile 
behavior or polychloroprene. 
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2.1.3 Effects of thermo-oxidative aging on tensile behaviors of polychloroprene 
It is well known that for most rubbers in oxygencontaining environments, the strength can be 
greatly affected by oxidation and the effect becomes worse with higher temperatures 
[MCDONEL et al., 1959]. During thermal aging, main-chain scission, crosslink formation and 
crosslink breakage can occur, leading to severe changes in mechanical properties [DEURI et 
al., 1987; FAN et al., 2001; HAMED et al., 1999; HUY et al., 1998]. In spite of the large 
applications of polychloroprene in the industry, the understanding of the effect of thermo-
oxidative aging on mechanical behaviors of PCP is limited. Most of previous works involving 
polychloroprene have mainly aimed at studying the degradation characteristics of the material 
using thermal techniques such as TGA (thermogravimetric analysis), DSC, infrared (IR) 
spectroscopy or DMTA (dynamic mechanical thermal analysis) [BAILEY, 1967; DELOR et 
al., 1996; GILLEN et al., 2004; KALIDAHA et al , 1993]. Several other works have dealt 
with the changes in surface modulus [CELINA et al., 2000] and ultimate elongation [WISE et 
al., 1995] of PCP due to thermal aging but the correlation between the chemical mechanism 
and mechanical changes during aging is still obscure. From a fundamental point of view, the 
changes in mechanical properties caused by thermal aging are governed by changes in 
chemical properties during oxidation processes. For a thermo-oxidation aging process, the rate 
of thermal degradation of a given property can be expressed using a Dakin-type kinetic 
relation [DAKIN, 1948; DAKIN, I960]: 
~ = k(T) f(x) (2-28) 
at 
where x is the investigated property, t is the thermal aging time, k(T) is the rate constant of 
degradation, andf(x) is a function of the degree of degradation. For the thermal degradation of 
a large number of polymeric materials, the temperature dependence of the rate constant k(T) is 
described by the Arrhenius relation [BUDRUGEAC et al , 1991b; NELSON, 1971]: 




in which A is the pre-exponential factor, Ea the activation energy, R the gas constant (8.314 J 
K"1 mol'1) and T the absolute temperature. The dependence of the investigated property as a 
function of aging time and aging temperature is deduced from the combination of liquations 
(2-28) and (2-29): 
- ^ - = ^exp —=^-dt (2-30) 
f{x) \ RT) 
Equation (2-30) has been used to analyze the influence of thermal aging on several 
mechanical properties, such as elongation at break [BUDRUGEAC, 1997], residual 
deformation under constant deflection [BUDRUGEAC et al., 1991a], flexural strength 
[CIUTACU et al., 1991] and mass loss [DENARDIN et al., 2002] for elastomeric materials. In 
this study, this equation is applied for investigating the effects of thermo-oxidative aging on 
the tensile behaviors of neoprene. 
2.2 Experimental 
The tensile test specimens were prepared using Die C according to ASTM - D 412, the 
standard test method for tensile properties of elastomers. Tensile tests were performed for 
unaged and aged specimens at the loading rate of 10 mm/min on an Instron Automatic 
Material Testing System, Model 1137. Elongation was measured using a Laser Extensometer, 
Model MTS LX 500. 
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2.3 Results and discussions 
2.3.1 Effects of aging on tensile properties of PCP 
Stress-strain curves for neoprene after aging at 120°C are given in Figure 2-3. It can be seen 
that thermal aging of neoprene generally resulted in increases in modulus and decreases in 
both tensile strength and tensile ultimate elongation. However, influences of aging on these 
properties do not follow the same patterns. Whereas modulus and failure strain changed 
steadily with increasing aging time, tensile strength initially increased to a maximum value 
after about 1 day of aging and decreased afterwards. With further aging, the elastomer 
stiffened as extensibility and strength continued to decrease. After 7 days of aging, there was a 
substantial decrease about 50% in failure strain, but only a little change of 15% in tensile 
strength. This behavior was also observed for neoprene aged thermally at different 
temperatures, as shown in Figure 2-4. For instance, during the same aging period of 48 hours, 
specimens aged at 160°C had about one-half of the strength, but only one-twentieth of the 
ultimate elongation of specimens aged at 120°C. Aging, therefore, seems to have a stronger 
effect on the ultimate elongation than on the strength of elastomers. 
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Figure 2-4: Stress-strain curves of neoprene after various aging temperatures during 48h 
It is clear from the reduction in tensile strength and ultimate elongation that substantial 
network alteration takes place after relatively brief aging. Although the extent of each process 
is unknown, the steady increase in stiffness indicates that crosslinking dominates during aging 
for neoprene. It is also noteworthy that whereas modulus and hardness increase monotonically 
with increasing crosslink density, fracture property, such as tensile strength, passes through a 
maximum as crosslinking is increased (Figure 2-3). During the early stages of aging, 
additional network chains due to crosslinking increase the molecular weight and create 
branched molecules. It is more difficult for these branched molecules to disentangle and so 
strength is enhanced. Figure 2-5 shows the variation of tensile strength of neoprene with aging 
time at different aging temperatures from 100°C to 160°C. After brief aging, tensile strength 
increased with aging time and reached a maximum value. That moment is known as a gel 
point which cannot be fractured without breaking chemical bonds. However, as crosslinking is 
increased further, strength will decrease (Figure 2-5). To understand this behavior, it is helpful 
to consider changes in the mechanism of fracture as crosslinks are introduced. When an 
elastomer is deformed by an external force, the input energy is associated with two terms. One 
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is the energy stored elastically in the chains and is available as a driving force for fracture. 
The other is the energy dissipated through molecular motions into heat, which is made 
unavailable to break chains. At high crosslink levels, chain motions become restricted, and the 
"tight" network is incapable of dissipating much energy. This results in relatively easy, brittle 
fracture at low elongation and strength is reduced. The decrease in tensile strength at high 
crosslink levels was observed clearly for all neoprene samples aged at temperatures higher 
than 100°C. For the samples aged at 100°C, there seemed to have little fluctuation of strength 
values and a maximum strength was not observed, probably due to insufficient aging time. 
Furthermore, at very high crosslink levels, oxidative hardening is important at the sample 
surface but becomes less important in the interior regions. Heterogeneity becomes more 
extensive leading an abrupt increase in tensile strength. This result is similar to the increase in 
puncture energy corresponded to the formation of a thin layer of hard skin as reported in 
[MALEKetal, 1992]. 
12 





































50 100 150 
Aging time (hours) 
200 
Figure 2-5: Variation of tensile strength of neoprene with aging time at various aging 
temperatures 
In comparison with the effect of aging on tensile strength, the variation of failure strain of 
neoprene with aging time at different aging temperatures is shown in Figure 2-6. It can be 
seen that the failure strain of neoprene decreased readily with increasing aging time and aging 
temperature. The parallel curves of the failure strain, s, imply that a single aging mechanism 
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dominates over these temperatures. To determine the activation energy Ea controlling this 
aging mechanism, the integral form of Equation (2-30) has been used: 
g W - J- ds m Atexp RT (2-31) 
from which it is deduced that: 
A RT 
(2-32) 
For a specified value of failure strains, Equation (2-32) indicates that the raw data in Figure 
2-6 can be shifted to a selected reference temperature Trefby multiplying the times appropriate 
to the experiments at a temperature Tby a shift factor af. 
hef 




or log(a r ) = log( f v ) - log(fr) = —f- log e - -^ log e RT. ref RT 
/ Ed 
log(a r)= B--^\oge 
where B is a constant. Smooth curves drawn through failure strain-log(t) data in Figure 2-6 are 
used to calculate the shift factor ar to shift the corresponding experiment data at temperature T 
to the reference temperature Trey. Normally, Tref is chosen as the lowest one in the range of 
experimental temperatures. In this study, however, we chose 120°C to be Trej due to 
insufficiently long aging time at the aging temperature of 100°C. A plot of the empirical 
values of log(ar) versus 1000/T, as presented in Figure 2-7 is linear, and therefore confirms 
Arrhenius behavior. From the slope of this plot, the activation energy Ea = 84,8 kJ/mol was 
calculated and used to shift all the raw data from Figure 2-6 to Trej as a single "master" aging 
curve. 
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Figure 2-7: Arrhenius plot of horizontal shift factors abused to superpose aging failure strain 
data at a reference temperature of 120°C 
Using Ea = 84,8 kJ/mol, we obtained a good superposition of the ultimate elongation data, as 
shown in Figure 2-8. However, the use of the same shift factor for the tensile strength data did 
not result in a satisfactory superposition (Figure 2-9). According to Wise et al. tensile strength 
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data cannot be superposed for any activation energy because of complications caused by 
diffusion-limited oxidation (DLO) [WISE et al., 1995; WISE et al., 1997]. That is, oxygen 
molecules diffuse into the sample, but some of them are simultaneously consumed by the 
oxidation reaction and combine with the molecular chains of rubber. Using the modulus 
profiling technique, a quantitative map of modulus values on a cross-sectional face of 
degraded samples has been obtained. For aging experiments at lower temperatures, DLO is 
less significant because the oxygen consumption rate decreases more rapidly with decreasing 
temperature than does the oxygen permeation rate. In this case, oxidation is homogeneous. As 
the temperature is increased, the rate of oxygen consumption goes up faster than the oxygen 
diffusion rate, so that the modulus profile becomes more heterogeneous. This effect results in 
heterogeneously oxidized materials with a brittle oxidation skin on a ductile core. This brittle 
surface layer can be considered as a fracture initiation zone where cracks can be expected to 
initiate as the material is tensile tested. If such cracks propagate rapidly through the interior of 
the material, the elongation will be determined solely by the oxidative hardening occurring at 
the surface. The ultimate elongation, therefore, relates to the surface modulus and is Arrhenius 
because the modulus values at the sample surfaces are not limited by oxygen diffusion. On the 
other hand, ultimate tensile strength is a bulk material property that depends on the force at 
break integrated over the material cross-section. Because elastomers aged at different 
temperatures experience very different degrees of degradation in their interior region, ultimate 
tensile strength varies with temperature in a complex manner. As observed above, tensile 
strength values dropped in the later aging stages at high temperatures but increased or showed 
a smoother drop at lower temperatures. Such behavior would be interpreted as evidence of a 
temperature-dependent degradation mechanism, which is contrary to the assumptions of the 
Arrhenius methodology. 
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Figure 2-8: Empirical aging time-aging temperature superposition of the failure strain data 
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Figure 2-9: Empirical aging time-aging temperature superposition of the ultimate tensile 
strength data from Figure 2-5 by using Ea = 84,8 kJ/mol showing the failure of 
this data set to superpose 
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2.3.2 Effects of sample thickness on aging 
The dependence of tensile properties on sample thickness was investigated for neoprene aged 
at 120°C during 96 hours using samples of three different thicknesses of 0,4 mm, 0,8 mm and 
1,6 mm. Variation in the modulus, strength and ultimate strain with thickness is shown in 
Table 2-1. It can be seen that tensile strength and failure strain generally increase with 
increasing thickness whereas tensile modulus, in contrast, decreases significantly (Figure 2-
10). As the thickness varied from 0,4 mm to 1,6 mm, there were a substantial decrease at 
about 45% in modulus, an increase of 47% in failure strain but only a little change of 19% in 
tensile strength. During the thermal aging process, it has been known that the chemical 
reactions dominating the long-term degradation usually involve oxygen dissolved in the 
material. Due to diffusion-limited oxidation (as mentioned in the previous section), the change 
in oxygen content of aged samples is more pronounced in the surface than in the bulk of the 
sample. This results in the formation of a hard surface skin, which is impervious to penetration 
by oxygen and thus protect the rubber underneath. For thicker samples, the interior region 
under protection of this hard skin is larger leading higher values of strength and failure strain 
but lower value of modulus. The observations support the proposal made by several authors 
[BJORK et al., 1985; DICKMAN et al., 1984; VAN AMERONGEN, 1964] that the surface 
skin acts as a protective barrier for the bulk of the sample. 
Strain 
Figure 2-10: Stress-strain curves of samples of different thicknesses aged at 120 C during 96h 
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Table 2-1: Dependence of tensile properties of neoprene samples aged at 120°C during 96 




















2.3.3 Effects of aging on tensile behaviors of PCP 
In this section, three widely used constitutive models, namely, the Gaussian, the Mooney-
Rivlin and the eight-chains models were used to investigate the change in uniaxial tensile 
curves due to thermo-oxidative aging. As presented in the section "2.1 Introduction", the 




(Gaussian model) (2-34) 
engineering 
f c v 
V J A
2
 J (Mooney-Rivlin model) (2-35) 
"true 9 X 
chain 
A \ chain 
' * - ^ 
v k 
(Eight-chains model) (2-36) 
(The meanings of the parameters used in these models as well as the techniques to determine 
them were also described in detail in the section "2.1 Introduction). Table 2-2 shows the 
values of these constants obtained for unaged and aged PCP samples under different aging 
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From the variation of the crosslink density Ncrosslink given in Table 2-2, it has been found that 
thermal aging of neoprene resulted in an increase in the crosslink density and this effect is 
more and more significant with increasing aging time and aging temperature. For samples 
aged at 100°C, there is an increase of about 80% in crosslink density during the aging period 
of 7 days. Up to about 1 day of aging at 160°C, however, neoprene exhibited a four-fold 
increase in the degree of crosslinking compared to unaged samples. Consequently, the 
modulus increases as a result of crosslink formation which is increased more rapidly at higher 
temperatures resulting in a network of branched molecules [CELINA et al., 1998]. 
Furthermore, it is noteworthy that among the three models investigated, the eight-chains 
model produces the best fitting curve for uniaxial tension at large strain. Figure 2-11, for 
example, shows the application of the 3 models to the experimental stress-strain curve up to 
break for PCP aged at 140°C during 24h. It is obvious that the Gaussian and Mooney-Rivlin 
models can be only used in the range of small and moderate strain, whereas the eight-chains 
model is capable of predicting the stress-strain behavior of elastomers at high deformation. 
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Figure 2-13: Tensile curves up to Break for PCP samples aged at 130°C during different aging 
times 
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Figures 2-12 and 2-13 show some examples of uses of the eight-chains model to describe the 
tensile behaviors of PCP samples aged under various aging conditions. During aging the 
crosslink density increases; the material becomes stiffer with a higher modulus. This 
corresponds with an increase in the parameter Eg (theoretical small strain modulus) of the 
eight-chains model as shown in Table 2-2 above. As a result of the additional crosslinking 
formation due to aging, the number of "rigid links" between two crosslinks decreases 
corresponding with a reduction in the parameter N (Table 2-2). The effect of thermal aging on 
the tensile behavior at large deformation of neoprene, therefore, can be well explained using 
the Arruda-Boyce eight-chains model. 
However, as shown in Figure 2-14, the eight-chains model is incapable of describing the 
stress-strain behavior of elastomers at moderate deformation. It can be seen that when the 
sample is subjected to an extension larger than about 10% of its original length (i.e. A > 1.1), 
there exist certain deviations between the observed forms of stress-strain relations and the 
corresponding forms predicted by both the Gaussian and the Eight-chains models. In the 
moderate extension (i.e. A<1.6), only the Mooney-Rivlin model agrees well with 
experimental data. 
o Experimental Data Theoretical Model 
Figure 2-14: Tensile curves up to 100% deformation for PCP aged at 140°C during 24h 
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The Mooney-Rivlin model has been used to describe the behaviors of elastomers over a wide 
range of experimental conditions such as for the stress-strain measurements at various 
temperatures [CIFERRI et al., 1959], for swollen elastomers [ALLEN et al., 1971; 
GUMBRELL et al., 1953; SOMBATSOMPOP, 1999], for networks in the presence of diluent 
during crosslinking [GEE, 1966], etc. In molecular terms, the constant Ci in the Mooney-
Rivlin model depends primarily on the crosslink density, as shown in Equation 2-21. On the 
other hand, the origin of the phenomenological constant C2 is presently still unclear. Several 
theories have been developed to correlate the constant C2 with molecular parameters. Gee 
[GEE, 1966] proposed that stress induced local order might be responsible for the observed 
deviation between theory and experiment. The theory of local order, which is supported by the 
fact that the addition of inert diluents reduces the value of C2, was subsequently invoked by 
other authors [BLOKLAND et al., 1969]. However, Mark [MARK, 1975] has rejected such 
suggestions involving local order due to the fact that the network chains are in random 
configurations in the unoriented state. In contrast to the local order origin for C2, some authors 
[BOYER et al., 1977; MEISSNER et al., 1967] suggested that chain entanglements were 
responsible for the C2 term. This theory is consistent with the observations that networks 
formed from chains which have been partially disentangled by orientation or dissolution prior 
to crosslinking have very small values of C2. Boyer and Miller [BOYER et al., 1987], 
however, have indicated that chain entanglement cannot be the sole source of the C2 term but 
that several factors probably operate. Recently, C2 has been suggested to be associated with 
intermolecular forces and flexibility between the polymer chains [SOMBATSOMPOP et al., 
1997]. This value increases with increasing proportion of rigid crosslinks (such as 
monosulfidic and carbon linkages) [SOMBATSOMPOP, 1998], and increasing degree of 
crosslinking [YU et al., 1974]. Thus, the Mooney-Rivlin constants C/ and C2 can be used as 
material characteristics for presenting the tensile stress-strain curve after aging in the range of 
moderate extension. Furthermore, these parameters have also been found to be useful to 
determine the strain energy density used in the study on tearing and cutting behaviors of 
elastomers (See Equation (3-17)). Therefore, it is obviously practical to be able to predict the 
change in values of C/ and C2 due to aging. To the best of the author's knowledge, there is 
currently no work involving the estimation of the aging effects on the variation of Cj and Q . 
In this study, on the basis of experimental data, a kinetic equation of thermal degradation has 
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been applied to obtain a relationship between these parameters and the aging time and the 
aging temperature. 
2.4 Development of a theoretical model to predict the change of Mooney-Rivlin 
parameters C/, C2, and the modulus E due to aging 
It has been known that the resistance to oxidation may be quantified by measuring the changes 
in tensile modulus [CELINA et al., 2000; GILLEN et al., 2004]. During accelerated aging, 
oxygen diffusion and its consumption affect the crosslink density of the network, which 
subsequently leads to a proportional change in hardness (i.e. the tensile modulus) of the 
material. Since the Mooney-Rivlin constants, Cy and C2, contribute to the tensile modulus 
according to the relation 6(Ci+C2) = E [TRELOAR, 1974], the variation of these parameters 
with aging is expected to be controlled by a thermal degradation process. As presented 
previously, the dependence of an investigated property as a function of aging time and aging 
temperature can be expressed using Dakin-type kinetic relation: 
dx 
= Aexp / ( * ) RT 
dt (2-37) 
in which A is the pre-exponential factor, Ea the activation energy, R the gas constant (8.314 J 
K"1 mol"1) and Tthe absolute temperature. Figures 2-15, 2-16, and 2-1.7 show the change in C/, 
C2, and tensile modulus E of neoprene with aging time and aging temperature. Analysis of the 
experimental data leads to the conclusion that the increase of Cj, C2, as well as tensile 
modulus E caused by thermal aging follows an exponential relation. From Equation (2-28), 
this deduces the following form off(x): 
f(x) = x (2-38) 
Hence, after substituting the relation (2-38) into Equation (2-37) and integrating, the following 
dependence of the properties C/, O , and E on aging time and aging temperature is obtained: 




Table 2-3 shows the values of the parameters x0, A, and Ea obtained when using Equation (2-
39) to analyze the variation of Cj, C2, and E due to aging. 




















Equation (2-39) is in good agreement with experimental results as shown in Figures 2~l5, 2-
16, and 2-17 where theoretical curves are presented. The activation energies Ea obtained are 
almost the same for C/, C2 and E suggesting that these properties are controlled by a similar 
thermo-oxidative aging process which has a constant activation energy over the investigated 
range of aging temperatures. An extrapolation of these properties at unaged condition gives 
values of C/, C2 and E to be 192 kPa, 399 kPa, and 3,2 Mpa respectively. These values are 
consistent with the experimental measurement for unaged neoprene. 
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Figure 2-15: Variation of the constant Ci of neoprene with aging time at various aging 
temperatures 
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The effects of thermo-oxidative aging on the tensile behaviors of neoprene have been 
investigated. The results show that crosslink formation dominates during aging of neoprene, 
leading to steady increases in the small strain modulus and decreases in the ultimate 
elongation. This effect is more and more significant with increasing aging time and aging 
temperature and is explained by a higher crosslink density causing closer molecular chains 
and, thus, an increase in intermolecular forces. Whereas modulus and failure strain change 
steadily with increasing aging time, tensile strength initially increases to a maximum value 
and decreases afterwards. This peak corresponds to the moment when the elastomer reaches 
an optimized balance between the strength enhancement from additional crosslink formation 
and the capability of the crosslinked network to dissipate deformation energy. Due to 
diffusion-limited oxidation, the change in the fracture properties, such as tensile strength, and 
tensile ultimate strain of aged samples is more pronounced in the surface than in the bulk of 
the sample. 
It is also noteworthy that the Arruda-Boyce eight-chains model is capable of describing the 
stress-strain behavior of elastomers at large deformation whereas the Mooney-Rivlin model 
provides the best fitting curve at moderate strain. Using these models, the effect of thermo-
oxidative aging on tensile behavior can be explained by investigating the change in the 
parameters CR and N (for the Eight-chains model) or C/ and C2 (in the case of using the 
Mooney-Rivlin model). The dependences of the mechanical properties on aging time and 
aging temperature are found to follow the Arrhenius relationship with similar activation 
energy over the investigated range of aging temperatures. 
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3. CHAPTER 3 
EFFECTS OF AGING ON FRACTURE PERFORMANCE OF PCP 
3.1 Introduction 
3.1.1 Griffith theory of brittle fracture 
In practice, fracture of solid materials usually occurs at a stress of several orders of magnitude 
below the theoretical strength which is estimated on the basis of the theoretical forces between 
molecules [ANDREWS, 1968; KELLY, 1966]. In 1920, Griffith [GRIFFITH, 1920] 
suggested that the reason for this discrepancy was the presence of imperfections such as 
inhomogeneities or flaws in the solid. These imperfections create stress concentration at their 
tips, thus cause initiation of a crack which may ultimately propagate through the material and 
reduce the measured strength. Griffith evaluated the conditions under which a crack in a 
strained sheet of glass should grow by considering the balance of energy within the body. He 
postulated that a crack would grow if more elastic strain energy was released than free energy 
was created by the formation of new surface. This fracture criterion was then expressed in a 
differential form: 
- %- >2S (3-1) 
where S is the surface free energy, U is the total elastic energy stored in the sheet , A is the 
area of one of the fracture surfaces formed and the subscript / indicates that the partial 
differentiation is carried out at constant overall extension so that the externally applied forces 
do no works. In order to verify this criterion, Griffith used the solutions due to Inglis 
(dU\ [INGLIS, 1913] to calculate the strain energy release rate, , for the case of an elliptical 
VdA) 
crack in an infinite plate subjected to a uniform tensile stress in a direction perpendicular to 
the major axis of the ellipse. He then measured the strength on glass sheets containing cracks 
of known size, and independently estimated the surface energy by surface tension 
measurements on the molten glass. He obtained satisfactory agreement between his 
experiments and the predictions of Equation (3-1). 
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In its original form, Griffith's theory is only valid in a very limited number of cases. The basic 
strength property of glass appears to be simply the surface energy; however, for most other 
materials this is not true. In today's engineering materials, the crack extension involves more 
than just an increase in surface energy; for example a contribution of local plastic deformation 
at the tip prior to fracture can be expected. 
3.1.2 Tearing behaviors of rubbers 
In the case of elastomers which possess a highly elastic and non- linear behavior, the Griffith 
approach has some potential advantages because it is not intrinsically limited to small strains 
and linear elastic materials. However, the observation of a tear tip in rubber samples suggested 
that, as the tear grew, significant volumes of material were irreversible relaxing so that the 
elastic strain energy was being transformed into forms other than surface free energy. 
Consequently an attempt has been made to discover to what extent energetic considerations of 
the type involved in the Griffith criterion can be used as a criterion for tearing in elastomers. 
In 1953, an important application of the Griffith theory was proposed by Rivlin and Thomas 
[RIVLIN et al., 1953]. Like Griffith, they considered the energy balance and studied the rate 
at which strain energy is released by a growing crack in connection with tearing, and for that 
reason the energy release rate has become known as the "tearing energy", although the 
approach has subsequently been extended to many other properties. Rivlin and Thomas have 
suggested that the reduction of elastically-stored energy due to increase in cut length, at 
constant overall deformation of the sample, is balanced by changes in energy other than this 
increase in surface energy. For a thin sheet of elastomer material in which the cut length is 
large compared with its width and with the thickness of the sheet, it is to be expected that such 
changes in energy will be determined primarily by the state of deformation in the 
neighbourhood of the tip of the cut at the instant of tearing. This suggests that these energy 
losses might be determined by the material itself and the tip geometry rather than by the 
overall shape of the test piece and by the manner in which the deforming forces are applied to 
it. Thus, they postulated that tearing would occur in a stretched rubber test piece containing a 
crack when the tearing energy, T, defined as the rate of release of strain energy, exceeded a 
critical tearing energy, Tc, that is when: 
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' ^ =TC (3-2) 
dA), 
where Tc includes the surface energy, the energy dissipated in plastic flow processes and the 
energy dissipated irreversibly in viscoelastic processes. To test this hypothesis, in a first 
attempt, the quantity 
dA 
— at the instant of tear was calculated experimentally 
dc J, 
for various types of test piece cut from a sheet of elastomer (t is the thickness of the sheet). 
From the relations between the elastically stored energy U and cut length c for various overall 
lengths / of the test piece, a characteristic energy for tearing T at a given overall length was 
determined from the slop of the corresponding U-c curve at the value of c at which tearing 
occurs [RIVLIN et al., 1953]. In spite of the inaccuracies involved due to errors introduced by 
the numerical integrations and differentiations, the value of T obtained at the instant of tearing 
for the substantially different geometries employed was constant within about 30%. This 
confirms that the value T obtained from such experiments is a characteristic energy for 
catastrophic rupture of the material. 
Furthermore, from the known elastic behavior of rubber, there is considerable benefit, in terms 
of convenience and precision, in being able to derive T from easily measurable forces or 
strains rather than obtaining it by the laborious numerical integration and differentiation 
procedures used initially. In some simple cases, the tearing energy T can be derived 
theoretically from Equation (3-2) by suitable choice of the form of the test piece. Test pieces 
widely used are trousers, pure shear and tensile strips which are shown in Figure 3-1. 
For the "pure shear" test piece (Figure 3-la), if the crack is sufficiently long and the width to 
height ratio is sufficiently great, Tis given by [RIVLIN et al., 1953]: 
T = W\ (3-3) 
where ho is the unstrained value of the height h of the test piece between the grips and W is the 
strain energy density in the central region, away from the crack, which is in pure shear. The 
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value of W can be found from the strain in the pure shear region and knowledge of the pure 
shear stress-strain relation. 
For the "trousers" test piece (Figure 3-1 b), provided that the legs stretch very little under load: 
2F T*— (3-4) 
where F is the applied force and t is the thickness of the specimen. 
For a tensile strip with an edge crack of length c (Figure 3-1 c): 
T = 2kWc (3-5) 
where W is the elastic energy density in the simple extension region, and A: is a non-
dimensional function of strain. The dependence of k on strain was determined experimentally 
by Greensmith [GREENSMITH, 1963] and later numerically by Lindley [LINDLEY, 1972] 
for a range of natural rubber vulcanizates. 
(a) Pure shear specimen 
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> 
(b) Trouser specimen (c) Tensile strip test piece with edge crack 
Figure 3-1: Tear test pieces [RIVLIN et al., 1953] 
The applicability of the energetic approach developed by Rivlin and Thomas was verified by a 
number of researchers [GREENSMITH, 1963; GREENSMITH et al., 1955; RIVLIN et al , 
1953; THOMAS et al., I960]. The results showed that there was a "catastrophic" tearing 
which occurred at a critical tearing energy, Tc, determined by Equations (3-3),(3-4) or (3-5) 
depending on the type of the test piece. The magnitude obtained for Tc is of the order of 1-10 
kJ/m which is much greater than any true surface energy. This confirms that irreversible 
processes dominate tear behavior. 
Because Equations (3-3)-(3-5) for tearing energy are in terms of forces or overall strains 
applied to the test piece, it is initially surprising that a parameter such as T, which is based on 
the "global" release of strain energy remote from the crack tip, should be capable of 
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describing crack growth behavior. It was this consideration that led Thomas [THOMAS, 
1955], in 1955, to study the strain distribution around a model semicircular tip. He found that 
the energy release rate is in fact closely related to the strain energy density in the material at 
the tip (where fracture occurs), this relationship being of the form: 
T = Wt d (3-6) 
where Wt is the average energy density at the tip and d is the effective tip diameter. The 
validity of Equation (3-6) was verified by direct and photoelastic measurements [ANDREWS, 
1961; THOMAS, 1955] of the strain energy distribution around a model crack tip, a good 
agreement being found between the tearing energy determined in this way and those 
calculated from the applied forces. Also, tear experiments with tip diameters from 1 to 3 mm 
gave consistent T values, with Wt [derived from Equation (3-6)] being similar to the work to 
break measured independently from a tensile test [THOMAS, 1955]. 
From the view of viscoelasticity, the fracture energy Gc appears to be the sum of the threshold 
energy G0 expended in the rupture of chemical bonds and a dissipation term which is 
approximately proportional to G0 but often many times larger. It is this dissipation term which 
makes the elastomers strength vary with crack speed and temperature. Smith [SMITH, 1958] 
studied the effects of strain rate and temperature on the tensile strength of an elastomer. 
Corresponding measurements of tear strength were reported by Gent [GENT et al., 1994b]. In 
both cases, the tensile and tear strengths have been found to be in accordance with the 
predictions of the Williams, Landel, and Ferry (WLF) rate-temperature equivalence for 
viscoelastic processes [WILLIAMS et al., 1955]: 
U l 17.6 (r-r j 
K J (52 + r - r J 
where RT, Rrg are the equivalent rates at the test temperature T and the glass temperature Tg. 
Equation (3-7) indicates that the fracture energies of viscoelastic materials measured at 
different test rates and temperatures could be superimposed on a single curve when they are 
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shifted using WLF equation. Thus, strength properties appear to be dominated by viscous 
resistance to internal molecular motion. 
Furthermore, it is noteworthy that the tearing energy of an elastomer has been shown to reach 
a lower limit, termed the threshold energy G0, when viscous effects are minimized [AHAGON 
et al., 1975; MUELLER et al., 1971]. A theoretical treatment was developed by Lake and 
Thomas [LAKE et al., 1967] to predict the magnitude of the threshold tear strength in terms of 
molecular parameters of the elastomeric network. According to their results, the threshold 
energy required to break chemical bonds is: 
G0 = KM]'2 (3-8) 
where Mc is the mean molecular weight of the network strands and AT is a constant involving 
the effective mass, length, flexibility of a single main chain bond, the density of the polymer 
and the dissociation energy of the weakest bond. They concluded that the theoretical threshold 
energy would be about 20 J/m for a typical crosslinked elastomer. This is in reasonably good 
agreement with experimental values of G0 determined under threshold conditions, i.e. at low 
rates of tearing, at high temperatures, and when the material is highly swollen with a low-
viscosity liquid [AHAGON et al., 1975; LAKE et al., 1967]. Gent and Tobias [GENT et al., 
1982] have also carried out measurements of threshold tear strength on a number of 
elastomers, of widely differing chemical constitutions. It has been found that, for all of the 
elastomers examined, the threshold tear strength was proportional to the square root of the 
average molecular weight Mc of network strands, in agreement with the theory of Lake and 
Thomas. However, for the same Mc, and hence for similar values of elastic modulus, there 
were major differences in threshold tear strength for different elastomers. These differences 
were attributed to variations in network strand length and extensibility, which govern the 
coefficient K in Equation (3-8). 
Also, the effect of temperature and rate on the tearing behaviors is not the same for all rubbers 
but it depends on the contribution of amorphous regions in the material. For non-crystallizing 
rubbers, such as an unfilled SBR vulcanizate, the tear strength shows a strong dependence on 
rate and temperature (as in Figure 3-2a). This dependence parallels closely the dependence of 
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viscoelastic properties on rate and temperature. Tearing in non-crystallizing rubbers often 
proceeds in a "steady" manner in the sense that the force in a trousers test performed at a 
constant rate remains relatively constant. In crystallizing rubbers, by contrast, the catastrophic 
tearing energy is insensitive to rate and temperature. Figure 3-3b illustrates an example of this 
insensitivity for natural rubber [GREENSMITH et al., 1962]. The viscoelastic effects in such 
materials are believed to be generally overweighed by the effects of crystallisation, which can 
induce very substantial hysteresis at high strains. Tearing of a crystallizing rubber normally 
proceeds in a sticky-slip manner with the force increasing during the stick periods until a 
catastrophic failure point is reached at which the tear jumps forward and the force falls during 
the slip periods. 
Figure 3-2: Tearing energy surface for: a) noncrystallizing SBR vulcanizate, b) strain-
crystallizing NR vulcanizate [GENT et al., 1992] 
3.1.3 Cutting behaviors of elastomers 
Cutting is of importance in service, for example for tyres, conveyor belting or gloves, etc. A 
study of Dobie [ASTM D573-81] has shown that cutting was a major reason for returns of car 
tyres. In the medical sector, health care workers may be infected with viruses, diseases, or 
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infectious substances through cracks in protective gloves. According to the Quebec Workers' 
Compensation Board statistics, nearly 30% of injuries in work operations involved cuts or 
punctures to the upper limbs, particularly the hands, caused by sharp objects [ASTM D573-
81]. Cuts can lead to failure directly, for example by causing air loss in pneumatic tyres, or 
may be responsible for the initiation and aggravation of other failure processes such as groove 
cracking and wear. Clapson and Lake [CLAPSON et al., 1970] have shown that cutting by 
sharp stones would be a common cause of the presence of a minimum crack length of 1 mm 
acting as the initiation of cracking at the base of the tread grooves. 
In view of the practical importance of cutting, various studies have been carried out in 
attempting to evaluate the relative resistance to cutting [VEITH, 1965; WERKENTHIN, 
1946]. In the tyre industry, test tracks consisting of a concrete trough filled with pieces of 
broken glass or metal hazards, over which tyres are run, have been commonly used [ASTM 
D573-81]. Dunn et al. [DUNN et al., 1968] used a guillotine with a blunt blade to evaluate the 
resistance to "chipping" of tyre tread compounds. In the field of occupational health and 
safety, a number of works have also been involved in the development of methods to evaluate 
the resistance of protective materials to cutting risks: the ASTM test methods for measuring 
the resistance of chain saw protective equipment for legs [ASTM F1414-99,1999] and for feet 
[ASMT F1458-98, 1998]; the ITF (Institute Textile de France) method for evaluating the 
cutting resistance of gloves [ASTM STP 1133, 1992]. 
Although these methods produced a relative classification of cutting resistance for elastomers, 
it is difficult to compare their results because of the differences between the test methods and 
the variables used to measure performance. Furthermore, none of these works was able to 
assess the "true" cutting behavior of rubbers, i.e. to exclude frictional contributions from the 
total energy required to cut the material. It is well known that the energy required to cut 
elastomers by a sharp object is associated with two terms. One is the energy reflecting the 
intrinsic strength of elastomers, which is the cutting energy. The other is the energy due to the 
friction between a sharp object and elastomers. Therefore, it is required to have the frictional 
effects be excluded from the total fracture energy for a fundamental understanding of cutting 
behavior of elastomers. 
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Lake and Yeoh [LAKE et al., 1978; LAKE et al., 1987] studied the cutting of elastomers 
using a fracture mechanics approach. They used a technique in which a razor blade was 
applied to the tip of a crack in a stretched test piece, so that the friction between rubber and 
the razor blade was minimized. The two forms of test piece that have been used in their work 
are shown in Figure 3-3. Figure 3-3 a illustrates the pure shear test piece which consists of a 
strip of elastomer containing a crack parallel to its long edges; it is clamped along the edges 
and deformed as shown so that the central region is in pure shear. Figure 3-3b shows the Y-
shaped test piece, which is a similar strip but is deformed by the application of forces/A,/B to 





































Figure 3-3: Specimens used to study cutting behaviors: (a) pure shear; (b) Y-shaped 
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According to Lake and Yeoh, there are two forms of cutting: one is a slow, time-dependent 
process when the force applied to the blade is small; the other is a rapid, catastrophic process 
which occurs when the force is greater than or equal to a critical value. By use of the fracture 
mechanics approach first proposed by Rivlin and Thomas [RIVLIN et al., 1953] to analyze 
cutting results, they have found that at low tearing energies, the cutting behavior of elastomers 
obeys the criterion that the total energy required, both from the deformation of the rubber and 
the force applied to the blade, is constant. Thus the total fracture energy, G, related to the 
onset of catastrophic cutting, is given by the sum of tearing energy T, required for prestraining 
of specimens and cutting energy C, associated with the force on the razor blade in the form: 
G = T + C (3-9) 
Since the total fracture energy G should be a constant for a particular rubber and a given 
sharpness of blade, Equation (3-9) indicates that a linear relationship will exist between Tand 
C with a slope of -1. This energetic approach enables results from differently shaped test 
pieces and different deformations to be superimposed. 
For small pre-extension of the sample, the tearing energy, T, and cutting energy, C, of a pure 
shear test piece are given by [LAKE et al., 1978; LAKE et al., 1987]: 
T = Wh0 = (C, +C2)(A2 + r 2 -2)h0 (3-10) 
and 
C = — (3-11) 
where C; and C2 are the Mooney-Rivlin coefficients, X is the extension ratio, h0 is the 
unstrained width of the specimen, t is the thickness of the specimen, and F is the cutting force 
measured during cutting experiment. 
In the case of Y-shaped test piece, Lake and Yeoh have also shown that for small extensions 
of the sample and legs, the energies T expended in tearing and C expended in cutting are 
calculated in the forms as follows: 
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r =2AA(l-cosfl) ( 3 1 2 ) 
and 
C = — (3-13) 
where F is the cutting force, t is the thickness cut through and A is the average extension ratio 
of sample and legs. 
Relation (3-9) has been found to be valid for all rubbers examined, such as natural rubber 
(NR), styrene-butadiene rubber (SBR), and butadiene rubber (BR)] in the range where tearing 
energy T and cutting energy C are similar in magnitudes [CHO et al., 1998; GENT et al., 
1994b; GENT et al., 1996; LAKE et al., 1978; LAKE et al., 1987]. If T is not sufficiently 
large, i.e. at very low tearing energies region, then friction between rubber and the blade 
surface causes C, and hence G, to be enhanced. On the other hand, if T is too large, i.e. at high 
deformations region, tearing takes place ahead of the crack tip with a roughness that is no 
longer controlled by the blade tip diameter; behavior in this region is much more complex. 
3.1.4 Effects of aging on tearing and cutting behaviors of elastomers 
The energy balance, or fracture mechanics approach, based on the strain energy release rate T 
proposed by Rivlin and Thomas [RIVLIN et al., 1953] has been proved to be successful in 
treating a number of fracture phenomenon in rubber. The applicability of the energetic 
approach developed by Rivlin and Thomas has been verified by a number of researchers 
[GREENSMITH, 1963; GREENSMITH et al., 1955; THOMAS et al , I960]. The approach 
has been applied successfully in a range of phenomena involving the growth of cracks or the 
separation of bonds, such as tear behavior [BHOWMICK et al., 1983; GENT et al., 1994b; 
TSUNODA et al., 2000], crack growth and fatigue [GENT et al., 1964; LAKE et al., 1964; 
YOUNG, 1985], cutting by a sharp object [CHO et al , 1998; GENT et al., 1996; LAKE et al., 
1978], and abrasion [SOUTHERN et al., 1978]. However, it is fairly surprising that there 
currently exists no work to investigate the effects of thermal aging on tearing and cutting 
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behaviors of elastomers. It is known that thermal aging process commonly results in a 
combination of chain scission, crosslink formation and crosslink breakage due to the reaction 
of oxygen with rubbers. Depending on whether chain scission or crosslinking dominates 
during aging, an elastomer will soften or stiffen. In addition, because of the possibility of 
heterogeneous oxidation during aging at high temperatures, oxidative hardening is more 
significant at the sample surface than in the interior regions leading the formation of a brittle 
surface layer. This hard surface skin can be considered as a fracture initiation zone which may 
markedly affect the tearing behaviors of elastomers. In this study, an attempt has been done to 
foster the understanding of the variations in tearing and cutting behaviors of polychloroprene 
rubber (neoprene) caused by thermally accelerated aging. 
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3.2 Experimental 
3.2.1 Tearing test 
In this study, trouser test pieces were used in the measurement of the energy and rate of tear 
propagation. The sample dimensions are shown in Figure 3-4, in both undeformed and 
extended states. Figure 3-5 illustrates a typical "smooth tear" curve with small tear force 
amplitudes between the force at which tear initiates and the force at which tear ceases. The 
tear force F was then calculated from the average value of the peak forces generated during 
the tearing process. 
In order to study the viscoelastic effects on tearing behavior, trouser test pieces were extended 
at various loading rates from 0.1 mm/min to 100 mm/min and in a range of temperatures from 










Figure 3.4: Trouser test specimen: (a) undeformed state; (b) extended state 
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Figure 3.5: Typical tear curve of neoprene 
When a tearing force F is applied to the arms to produce tearing along the central axis, if the 
length of the cut is sufficiently large compared with the half-width of the specimen, there will 
be a region of each arm which is substantially in simple extension, with an extension ratio X 
determined by the force F. The tearing energy in this case has been proved to be as follows 
[GREENSMITH et al., 1955; RIVLIN et al., 1953]: 
T = ™L-WW (3-14) 
where F is the tearing force, X is the extension ratio, t and W are the thickness and the width of 
the specimen respectively, and W0 is the strain energy density in deforming the vulcanizate in 
simple extension to the extension ratio X. It has been shown in [GREENSMITH et al., 1955; 
RIVLIN et al., 1953] that if the width Wof the test-piece is sufficiently large, X ~ 1 and 2F» 
W0Wt. Equation (3-14) then reduces to: 
T = IF (3-15) 
If tearing is considered to be continuous with a rate of propagation dc/dt and X ~ 1, the rate of 
separation of the grips is: 
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dl _ 2dc 
dt dt 
(3-16) 
In this work, test pieces with a width of 30 mm, a length of 100 mm, and a thickness of 1.6 
mm were used. The arms were formed by an initial cut of 50 mm using a razor blade. For test 
pieces of these dimensions the tearing energy and tear propagation may generally be derived 
with sufficient accuracy by the use of Equations (3-15) and (3-16). 
Furthermore, it is noteworthy that the trouser test piece shows the following features: 
(1) The relation between F and T is independent of the length c of the tear. 
(2) When Wis sufficiently large this relation is substantially independent of W and of the 
elastic properties of the material. 
(3) The rate of propagation of the tear is governed only by the rate of separation of the 
grips. 
The above features make this type of test piece more convenient for the present study than 
most of those used for conventional tear tests. 
3.2.2 Cutting test 
The cutting energy of elastomers was measured by the test methods proposed by Lake and 
Yeoh [LAKE et al., 1978]. The methods involve the application of the cutting implement, a 
razor blade, to the tip of a crack in a stretched test piece. This technique enables the resistance 
to cutting to be measured under conditions where friction is minimized. The two forms of test 
piece that have mainly been used are shown in Figure 3-6. Figure 3-6a illustrates the pure 
shear test piece which consists of a strip of elastomer containing a crack parallel to its long 
edges; it is clamped along the edges and deformed as shown so that the central region is in 
pure shear. Figure 3~6b shows the Y-shaped test piece, which is a similar strip but is deformed 
by the application of forces/A,/B to the legs A, B respectively. The legs A are maintained at a 
constant angular separation 29. 
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Razor blades used in this study are 70 mm long, of stainless steel, from American Safety 
























Figure 3-6: Specimens used to study cutting behaviors: (a) pure shear; (b) Y-shaped 
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• Measurement of cutting energy using pure shear test piece 
The cutting apparatus used with the pure shear test piece is shown schematically in Figure 3-7. 
Specimens with a width of 20 mm, a length of 100 mm, and a thickness of 1.6 mm were cut 
from neoprene sheets. A 15 mm-long precut was made along the center line of the specimen 
using a razor blade. The tearing energy was controlled by adjusting the width of the specimen, 
i.e., the extension ratio of the specimen, using a screw clamp. The apparatus was installed on 
the bottom part of the Instron Machine. A razor blade was attached to the end of the load cell 
and applied to the crack tip. During a cutting test, the razor blade cut rubbers along the center 
line of specimens and the cutting force, F, was measured continuously. 
For small pre-extension of the sample, the tearing energy, T, and cutting energy, C, of a pure 
shear test piece are given by [LAKE et al., 1987]: 
T = Wh0 =(CX+C2)(A2 + r 2 -2)h0 (3-17) 
and 
C = — (3-18) 
where Ci and C2 are Mooney-Rivlin coefficients, X is the extension ratio, h0 is the unstrained 
width of the specimen, t is the thickness of the specimen, and F is the cutting force measured 
during cutting experiment. The total energy required to propagate a cut, i.e. the fracture 
energy G, is given by the sum of tearing energy T and cutting energy C: 
G =T + C (3-19) 
Since the total fracture energy should be constant at a given cutting rate and test temperature, 
Equation (3-19) indicates that a linear relationship will exist between T and C with a slope of-
1. The cutting energy associated with the force on a razor blade, C, was extrapolated to the 
zero tearing energy and the fracture energy, G, was obtained from the intercept. The cutting 
experiment in this study was carried out at the load speed of 10 mm/min. 
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Figure 3-7: Schematic diagram of apparatus used for cutting pure-shear sample 
Measurement of cutting energy using Y-shaped sample 
For Y-shaped cutting tests, specimens in the form of long strips, about 150 mm long, 24 mm 
wide and 1.6 mm thick, were used. A 40 mm long pre-cut was made along the center of the 
strip using a razor blade, so that each leg had an initial length of 40 mm and width of 12 mm. 
The wider, uncut leg was clamped to a base of the Instron Machine and the other two legs 
were pulled apart by two equal weights attached to strings which passed over frictionless 
pulleys. A sharp razor blade was attached at the end of the load cell by a light metal frame and 
arranged so that the blade was positioned at the crack tip in the precut. As the load cell was 
lowered, the razor blade cut along the center line of specimens. Since the positions of pulleys 
and the blade are fixed and moved together with the upper part of the Instron Machine, the 
angle between the legs remains constant during the course of an experiment; the angle can be 
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varied by changing the positions of the pulleys. The apparatus for cutting Y-shaped sample is 
presented in Figure 3-8. 
Figure 3-8: Apparatus for cutting Y-shaped sample 
For a small extension of the sample and legs, the tear energy T and cutting energy C are given 
by [LAKE etal., 1978]: 
T = 
2AfA (l-cos0) (3-20) 
and 
C = XF (3-21) 
where /A is the tearing force applied in legs A, F is the cutting force, t is the thickness of the 
specimen, 28 is the angle between the legs, and X is the average extension ratio of sample and 
legs. Cutting experiments were performed at a speed of 10 mm/min, if not specified 
elsewhere, and at various angles 9. 
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3.3 Results and discussions 
3.3.1 Viscoelastic effects in tearing neoprene 
In order to investigate the time-temperature dependence of tear resistance, measurements of 
tearing energy have been made for neoprene over a range of tear rates from 0,1 mm/min to 
100 mm/min and temperatures from 25°C to 80°C. The results are shown in Figure 3-9. From 
this figure, it is found that the tear strength increased dramatically as the temperature was 
lowered and the tear rate increased. In contrast, measurements of fracture energy in cutting 
have been shown to be almost constant in the corresponding range of cutting rates and 
temperatures [CHO et al., 1998; GENT et al., 1994b]. As the change in crack tip diameter is 
restricted by the razor blade in the cutting process, it can be inferred from Equation (3-6) that 
the intrinsic strength is mainly unchanged in the given range of rates and temperatures. In a 
tear process, however, increases in the magnitude of the tearing energy T are generally 
associated with both viscoelastic effects in the energy density at break Wt and increase in the 
crack tip diameter due to roughening effects. 
In general, the fracture energy Gc of an elastomer appears to consist of two terms [GENT et 
al., 1971] as follows: 
Gc=G0+G0f(Rar) (3-22) 
where G0 is the threshold fracture energy expended in the rupture of chemical bonds and the 
latter term in Equation (3-22) involves other dissipation energies and is a function of the test 
rate R and test temperature T. It is this dissipation term which contributes to the variation of 
the tear strength of elastomers with crack speed and temperature. Another factor which can 
markedly increase tear strength is roughening or branching of the tip of a tear. At low 
effective tear rates, rough fracture surfaces are commonly observed and it has been postulated 
[TSUNODA et al., 2000] that the origin of the roughness may result from the presence of 
cavities ahead of the crack tip due to dilatational stresses [BUSFIELD et al., 1997; LAKE et 
al., 1992]. In the crack tip region, the propagating crack would intersect with growing cavities 
leading an increase in crack tip diameter and hence an increase in the magnitude of the tearing 
energy. At high tear rates, it is suggested that the elastic modulus ahead of the crack tip is 
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increased significantly suppressing cavity growth [TSUNODA et al., 2000]. As a result, the 
increase in the tearing energy to drive a crack at higher rates is attributed more to an increase 
in magnitude of the viscoelastic work that has to be done in the crack tip region rather than to 
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Figure 3-9: Tearing energy of neoprene at various tear rates and temperatures 
According to the time-temperature superposition principle, the time and temperature in 
viscoelastic materials are equivalent to the extent that data at one temperature can be 
superimposed upon data at another temperature by shifting the curves along the time axis. 
Time-temperature shift factor aj can be calculated from the WLF (Williams, Landel, and 
Ferry) relation [WILLIAMS et al., 1955]: 
logar = 
-8,8(r-ry) 
102 + 7-7.. (3-23) 
where 7^  is a reference temperature. The tearing energy data in Figure 3-9 were shifted using a 
shift factor aj calculated from Equation (3-23) in which the room temperature was chosen as 
the reference temperature. The results are shown in Figure 3-10. The tearing energies obtained 
at different tear rates and temperatures superimpose well on a single master curve. This 
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implies that the tear tip diameter appears to be a function of crack growth rate and temperature 
in a same manner as the intrinsic viscoelastic properties of the elastomer. Therefore, the 
tearing of elastomers is governed by the viscoelastic process in accordance with the WLF rate-
temperature equivalence. 
Figure 3-10: Tearing energy T of neoprene at various tear rates and temperatures plotted 
against effective tear rate at 25°C, calculated from the WLF relation, Equation 
(3-23) 
3.3.2 Effects of aging on tearing behaviors of PCP 
In order to study the effect of thermal aging on PCP tearing behaviors, trouser tests were 
carried out at the loading rate of 10 mm/min on samples aged at various aging times and aging 
temperatures. The dependence of tearing performance during aging can be seen in Figure 3-
1.1, which shows tearing force-displacement curves for neoprene samples aged at 120°C 
during different aging times. It is found that as aging time increases, tearing force initially 
goes up to a maximum value and decreases afterwards. For samples aged at 120°C, the tearing 
force reached a maximum after about 24 hours (Figure 3-11). This behavior is similar to the 
variation of tensile strength with aging time observed in the previous section. Furthermore, the 
peaks of tensile strength and tearing force seem to occur after a similar aging time, (i.e. with 
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similar degree of crosslinking) suggesting that there might be an implicit relationship between 
these two fracture parameters. Using Equation (3-15) (See part "3.2.1 Tearing test") the values 
of tearing energy were calculated from tearing force-displacement curves and are provided in 
Figure 3-12 as a function of aging time for neoprene samples aged at various temperatures 
from 100°C to 160°C. In the range of given experimental data, tearing energy passes through a 
maximum value with increasing aging time. Prolonged aging after the maximum point results 
in a decrease in tearing energy. This decrease is observed to be more pronounced at higher 
aging temperatures. A possible explanation can be found from a fundamental point of view 
based on the energetic approach. It has been well known that the fracture energy, in general, 
appears to be the sum of the threshold energy expended in rupture of chemical bonds and a 
dissipation term which is approximately proportional to the threshold energy but often many 
times larger. At high aging temperatures, crosslinking degree increases causing restriction of 
chain motions, and the "tight" network is incapable of dissipating much energy. As a result, 
elastomers fail in relatively easy, brittle fracture at low elongation and tearing energy is 
reduced significantly. 
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Figure 3-12: Variation of tearing energy of neoprene with aging time at various aging 
temperatures 
The parallel decrease of the tearing energy of neoprene with the logarithm of aging time at 
various aging temperatures, shown in Figure 3-13, suggests that a single aging mechanism 
dominates over these temperatures. Thus, it is reasonable to assume that the tearing energy, G, 
is a function of the concentration, C, of some critical chemical groups or constituent resulting 
from the aging process: 
G = /(C) (3-24) 
According to the theory of chemical reaction rates [GLASSTONE et al., 1941], the 
instantaneous rate of change in the concentration of molecules undergoing a transformation 
with time is proportional to the concentration of reactants or, stating this mathematically: 
dC_ 
dt 
= -K(T)fx(c) (3-25) 
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where K is a rate constant which is dependent on the temperature T and nature of the reaction, 
and t is the time. In combining Equations (3-24) and (3-25), an implicit correlation between 
the tearing energy, G, the concentration of reactants, C, and the time, t, can be obtained as 
follows: 
f2(G)=-K(T)t (3-26) 
It is well known that the rates of chemical processes usually increase rapidly with temperature. 
The physical explanation for this temperature dependence was initially found by Arrhenius 
[GL AS STONE et al., 1941]. He postulated that, for a reaction to occur between two colliding 
molecules, they must collide in a correct orientation and possess a certain minimum amount of 
energy as the molecules approach their electron clouds repel. The barrier of energy that 
relatively stable molecules must surmount before they can react is the activation energy, 
which comes from the heat of the system, i.e., the translational, vibrational energy of each 
molecule. It has been derived from thermodynamics and statistical mechanics that, at a certain 
temperature, the fraction n/N of the molecules with energy greater than the activation energy, 





in which R is the Boltzmann gas constant and T is the absolute temperature. The rate constant 
of a chemical reaction is therefore proportional to this factor and another factor A that is a 
measure of the frequency of suitable collisions: 
K(T) = Ae"T (3-28) 
A combination of Equations (3-26) and (3-28) gives: 
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Figure 3-13: Variation of tearing energy of neoprene with logarithm of aging time at various 
aging temperatures 
If a particular proportion of the unaged tearing energy is chosen as a failure criterion, Gc, it is 
apparent that f2 (Gc) may be considered as a constant and the time, tc, to reach this criterion 
is given simply by: 
A 
(3-30) 
or in the logarithmic form: 




The time, tc, has then become known as the "life" of the material corresponding to the given 
criterion. Choosing 60%, 70% and 80 % of the original value of tearing energy of unaged 
neoprene samples as failure criteria, the corresponding "life" time to reach these limits are 
presented in the following table: 
Table 3-1: Aging times necessary for the aged PCP samples to reach the 60%, 70% and 80% 











































Figure 3-14: Arrhenius plots of the logarithm of the aging time to reach 60%. 70% and 80% of 
the initial value of tearing energy of unaged PCP samples 
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Figure 3-14 shows plots of the logarithm of the aging times to reach several limits of tearing 
energy versus 1000/T. The plots are approximately parallel straight lines suggesting that the 
change in tearing energy during aging seems to be controlled by a single mechanism, which 
has a constant activation energy in the range of experimental tests. From the average slope of 
these straight lines, an activation energy of 93.9 kJ/mol can be obtained using Equation (3-31). 
The result suggests that the decline in fracture performance of PCP with aging time and 
temperature is governed by a single degradation process due to aging. Recently, Celina et at 
[CELINA et al., 2000] have found that the degradation of the PCP is dominated by oxidation 
rather than by dehydrochlorination and can be described by an activation energy of 91 ± 8 
kJ/mol, which was obtained by measuring the dependence of O2 consumption rate, CO2 
formation rate and CO formation rate, on the degree of thermal degradation. Thus, this result 
suggests that the change in tearing energy is controlled by oxidation reactions in the same way 
as the change in oxygen consumption or carbonyl formation in the material and can be 
predicted with aging time and aging temperature. 
For a specified value of the tearing energy, Equation (3-31) indicates that the raw data in 
Figure 3-13 can be shifted to a selected reference temperature Tre/by multiplying the times 
appropriate to experiments at temperature Tby a shift factor af. 
\naT =ln ?ref = exp R \Tref T 
(3-32) 
Normally, Tre/ is chosen as the lowest one in the range of experimental temperatures. In this 
study, however, Tre/of 120°C was chosen due to the insufficient data at the aging temperature 
of 100°C. The plot of log(ar) versus 1000/T using a reference temperature of 120°C is 
relatively linear as shown Figure 3-15, and therefore confirms the Arrhenius behavior. The 
activation energy Ea - 93.9 kJ/mol was used to shift all of the raw data from Figure 3-1.3 to 
Tref as a single "master" aging curve, as shown in Figure 3-16. 
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1000/T(K"1) 
Figure 3-15: Arrhenius plot of horizontal shift factors ar used to superpose aging tearing 
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Figure 3-16: Empirical aging time/aging temperature superposition of the tearing energy data 
from Figure 3-13 at a reference temperature of 120°C 
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3.3.3 Relationship between tearing and tensile 
Crack growth in elastomers has been successfully described using a fracture mechanics 
approach based on the elastic strain energy release rate T. The magnitude of T is determined 
by the visco-elastic work done at the crack tip as a crack propagates [GENT et al., 1994a; 
RIVLIN et al , 1953; THOMAS et al., 1960], and given by [THOMAS, 1955]: 
T = Wtd (3-33) 
where Wt is the energy density at break of the small amount of material in the crack tip region 
and d is the crack tip diameter. At the tip of the tear the rubber is in simple extension, so Wt 
can be estimated as the work to break per unit volume in tensile test for the rubber. Using 
tearing energy T obtained from trouser tests, and strain energy at break Wt measured from the 
area under tensile stress-strain curves up to rupture, values of the effective diameter of the tip 
of the tear were calculated according to Equation (3-33) and are given in Table 3-2. The result 
shows that the diameter of the tear tip of neoprene is maintained almost constant during 
thermal aging with a value about 0.5 mm. This agrees well with the range 0.1mm to 1mm in 
which the diameter of the tip of a propagating tear in rubbery solids is believed to lie from 
observations of the roughness of fracture surfaces [GREENSMITH et al., 1955]. During aging 
at long enough aging times, the decrease in the magnitude of T necessary to drive a crack is 
therefore governed by a decrease in strain energy density in the crack tip region rather than by 
changes in the crack tip diameter. Thus from Equation (3-33), we may expect Tand Wt to vary 
in a qualitatively similar manner with aging temperature and aging time. 




































































































In this study, an attempt has been done to further understand the relationship between the 
tearing energy from trouser tests and the strain energy density to break obtained from tensile 
tests. Figure 3-17 presents the variation of energy density to break of neoprene with the 
logarithm of aging time at various aging temperatures. It can be seen that the change in energy 
density to break due to thermal aging is in a same manner as the tearing energy (see Figure 3-
13). Using the method of aging time-aging temperature superposition mentioned above, the 
best superposition of the energy density to break is obtained for neoprene (Figure 3-19) 
utilizing Ea = 92,5 kJ/mol evaluated from the slope of the Arrhenius plot in Figure 3-18. This 
value of activation energy is nearly the same as that of 93,4 kJ/mol obtained from the 
investigation of the effect of aging on tearing behaviors indicating an implicit relationship 
between tearing and tension. 
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Figure 3-17: Variation of energy density to break (obtained from tensile tests) of neoprene 






Figure 3-18: Arrhenius plot of horizontal shift factors abused to superpose tensile fracture 
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Figure 3-19: Empirical aging time/aging temperature superposition of the tensile fracture 
energy data from Figure 3-17 at a reference temperature of 120°C using Ea = 
92,5 kJ/mol 
3.3.4 Effects of aging on cutting behaviors of PCP 
Cutting has been known as a major cause of failure for elastomers [CLAPSON et al., 1970]. 
Various practical methods have been devised to assess cutting resistance [ASMT F1458-98, 
1998; ASTM F1414-99, 1999; VEITH, 1965; WERKENTHIN, 1946], however, they were 
incapable of explaining the cutting behavior of elastomers from a fundamental viewpoint of 
fracture mechanics due to the frictional contribution involving in cutting process. Lake and 
Yeoh [LAKE et al., 1978; LAKE et al., 1987] proposed the test methods to evaluate the 
cutting energy of rubbers in which the frictional contribution was excluded by forcing a razor 
blade into a crack tip of a prestrained specimen. The two forms of prestrained specimen that 
have been commonly used are the pure shear test piece and the Y-shaped test piece (See 
Figure 3-6). In the present study, the cutting behavior of neoprene rubber was investigated 
using both of these test pieces. The cutting tests were performed at room temperature with the 
cutting rate of 10 mm/min. 
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Figure 3-20 shows typical force-displacement curves for the cutting process of unaged 
neoprene. Specimens were prestrained before cutting to minimize the frictional effects by 
adjusting the width of the pure shear specimen or by varying the weights pulling the legs of Y-
shaped specimen. The tearing energy, T, for pure shear and Y-shaped test pieces then was 
calculated by Equations (3-17) and (3-20), respectively (See "3.2.2 Cutting test"). When a 
blade is applied to a crack tip, the rubber initially undergoes an immediate elastic deformation. 
At low tearing energies, after an initial rise due to the elastic response, the cutting force 
remains steady as the crack is propagated by the action of a razor blade. With increasing 
tearing energy, it is obvious that both the initial maximum force and the cutting force are 
reduced, as illustrated in Figure 3-20. The cutting energy associated with the force on a razor 
blade, C, for pure shear and Y-shaped test pieces, was calculated from the cutting force using 
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Figure 3-21: Variation of cutting energy as a function of tearing energy for unaged neoprene 
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Figure 3-22: Variation of cutting energy as a function of tearing energy for unaged neoprene 
using Y-shaped specimens 
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The variation of the cutting energy, C, with the tearing energy, T, for pure shear and Y-shaped 
test piece is shown in Figures 3-21 and 3-22, respectively. Although there are deviations of 
some data from the linear line, a linear relationship between the cutting energy C and the 
tearing energy T was obtained with a slope of -1, as expected by Equation (3-19). This 
confirms the validity of Lake and Yeoh model for cutting elastomers in the region of low 
tearing energies. The total fracture energy Gc = C + T determined from the two intercepts was 
found to be around 600 J/m for unaged neoprene. This value is nearly the same for both 
cutting test methods using pure shear and Y-shaped specimens, as seen in Figures 3-21 and 3-
22, which confirms that both of these cutting methods are capable of characterizing the cutting 
performance of elastomers. However, it can be seen that the linear relationship between 
cutting energy and tearing energy seems to be valid only in the range where tearing energy 
and cutting energy are similar in magnitudes. If the tearing energy is too small, the friction 
between rubber and the razor blade surface causes an overestimated value of the fracture 
energy Gc. On the other hand, if the tearing energy is too large, there is no longer contact with 
the blade, and the crack propagates ahead of the blade tip by tearing. Therefore, the cutting 
experiment in this work was carried out in a range of tearing energy from 200 J/m2 to 400 
J/m , in which the roughness of a propagating crack is controlled by the blade tip diameter. 
In order to investigate the effects of thermo-oxidative aging on cutting behaviors of neoprene, 
aged samples under various aging conditions were tested. The cutting test using Y-shaped 
specimens was chosen because of its capability of easily varying the angle 20 between two 
legs of the sample (see Figure 3-8). As mentioned in the previous chapters, neoprene becomes 
stiffer during aging, then using a larger angle between the two legs of the Y-shaped specimen 
would facilitate the cutting process in the aged samples and assure that the friction between 
rubber and the razor blade was minimized. Figure 3-23 shows an example of the variation of 
the cutting energy as a function of the tearing energy for neoprene aged at 140°C during 24h. 
For aged samples, a linear relationship between the cutting energy C and the tearing energy T 
with a slope of -1 was still observed giving a total fracture energy of about 670 J/m2. 
However, in contrast with a significant decrease in tearing energy due to aging (see Figure 3-
13), the fracture energy obtained in the cutting test is almost unchanged during aging, as 
shown in Figure 3-24. This difference in behaviors is probably due to the fact that the cut tip 
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radius is much smaller than the effective radius of the tear tip, resulting in a much smaller 
scale fracture mechanism. 
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Figure 3-23: Variation of cutting energy as a function of tearing energy for neoprene aged at 
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Figure 3-24: Variation of the fracture energy in cutting with aging time at various aging 
temperatures 
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A direct relation between the fracture energy Gc and the crack tip diameter d was proposed by 
Thomas [THOMAS, 1955]: 
Gc = Wd (3-34) 
where W is the strain energy density at break of the small amount of material in the crack tip 
region. As mentioned in the previous section, in the tearing process, the tear tip diameter is in 
the range of about 0.1 mm-lmm and W in front of the crack tip is found to be close to the 
work to break per unit volume in tensile test. During aging, although the tear tip radius is 
almost unchanged, additional crosslink formation causes a significant decrease in the strain 
energy density around the crack tip. Consequently, the tearing energy of aged samples 
decreases. However, in the cutting process, the change in the crack tip diameter is restricted 
by the razor blade which is of the order of the blade tip radius, about 0.1 urn. This results in a 
much smaller deforming region around the cut tip and due to this scale effect, W would be 
close to the theoretical energy density required to break the primary carbon-carbon bonds in 
the backbone chains, which is about 5 GJ/m3 [LAKE et al., 1967; LAKE et al., 1978]. 
Because the intrinsic strength of C-C bond is not much affected by aging, this leads to the 
fact that the fracture energy in cutting process is almost unchanged during aging. Using 
Equation 3-34, the theoretical fracture energy for cutting process is approximately 500 J/m2. 
This value is in good agreement with the fracture energy for cutting obtained in this study 
suggesting that the explanation of the fracture mechanism in terms of molecular interpretation 
as noted in Equation (3-34) may apply to this case. 
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3.4 Conclusion 
In terms of fracture performance, thermal aging of neoprene seems to consist of two primary 
stages which might be separated by a characteristic aging time ta. In the early stage of aging 
below ta, the tearing energy increases with thermal aging. The elastomer reaches an optimized 
balance between the strength enhancement from additional crosslink formation and the 
capability of the crosslinked network to dissipate deformation energy. Further aging after the 
characteristic time results in a restriction of the chain motions and reduces both the strength 
and tearing energy of neoprene. The aging time-aging temperature dependence of the tearing 
energy is controlled by an energy activation process similar to that of the oxygen consumption 
or carbonyl formation rate. By using the activation energy of 90-95 kJ/mol determined from 
the experimental data, a master curve of tearing energy as a function of aging time and aging 
temperature can be obtained. This activation energy is similar to that measured by the strain 
energy density at fracture in tensile tests. The results also suggest that the decrease in tearing 
energy is due to a decrease in the strain energy density, rather than to a change in the crack tip 
radius. During aging, the diameter of the tear tip of neoprene maintained almost constant with 
a value of about 0.5 mm. 
Using pre-strained specimens, the cut test method proposed by Lake and Yeoh allows 
measuring the intrinsic property of materials in terms of cut resistance. The fracture energies 
of elastomers determined by cutting tests are much smaller in comparison with those 
measured by tear tests. In contrast with a significant decrease in tearing energy, the fracture 
energy for cutting process is almost unchanged during aging. This difference in behaviors can 
be attributed to the difference in the effective diameter of the tear tip and the cut tip. Cutting 
performance of elastomers seems to depend only on the rupture of C-C bonds. 
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4. CHAPTER 4 
EFFECTS OF AGING ON VISCOELASTICITY AND DAMPING OF PCP 
4.1 Introduction 
Elastomers combine properties of both solids and liquids. If a weight is suspended from a 
rubber bar, the strain will not be constant but will increase slowly with time. On release of the 
stress, the molecules slowly recover their former arrangement and the strain returns to zero. 
This effect is termed creep and is a manifestation of a general property of polymeric solids 
known as viscoelasticity: the material is elastic in that it recovers, but is viscous in that it 
creeps. It is known that viscoelasticity is highly temperature-dependent. Therefore, in 
considering the strains induced in service, it is always required to take into account not only 
the stress, but also the time and the temperature at which the stress is applied. Viscoelasticity 
is an important aspect which relates to common phenomena as stress relaxation, creep, heat 
generation, etc. Especially, in the latter part of the twentieth century, viscoelasticity has 
become a significant subject to engineers and researchers because of the increasing use of 
synthetic polymers as materials in engineering. In the next section, the definition and 
measurement of the parameters used to quantify viscoelastic effects will be briefly described. 
4.1.1 Dynamic properties of elastomers 
The response of viscoelastic materials to an applied deformation consists of an elastic 
component (due to the elastic energy stored in the material) and a viscous component (due to 
viscous energy dissipation). Viscoelasticity can be studied using dynamic mechanical thermal 
analysis (DMTA). When a small sinusoidal stress a with an angular frequency co is applied 
to the material, the response of the system is a strain e associated with the elastic component 
of the deformation. However, this strain is not instantaneous because a time lag exists between 
the initial stress application and the materials response due to the viscous component (Figure 
4-1). The phase shift between the stress and strain curves is 8. 
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Figure 4-1: Dynamic mechanical stress-strain relationship 




where E' is the storage modulus (elastic component) and E" is the loss modulus (viscous 
component). Figure 4-2 shows the change in E' and E" as a function of temperature and 
time. Since the elastic component drastically decreases with the onset of long-range 
coordinated molecular motions while the viscous component reaches a maxima, DMTA can 
be successfully employed to detect glass transition temperature(s). DMTA is also capable of 
detecting secondary transitions. For instance, the relaxation of the side-chain (/? transition) 
and short range movements of atoms in the backbone (y transition) will result in small peaks 
in the tan£ curve. 
Temperature or Log time 
Figure 4-2: Dynamic mechanical behavior of a viscoelastic material 
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From DMTA data, Tg can be mechanically defined either as the peak in the loss modulus or 
tan S peak. In this work, the later convention will be adopted. The position of the tan S peak 
along the temperature axis depends on the rate at which the DMTA trace is collected: the 
slower the scan rate, the larger the amount of time allowed for reorientation of polymer chain. 
Therefore, the samples measured at slower rate or at lower frequency will have a peak in 
tanc> at lower temperature. 
4.1.2 Theory of linear viscoelasticity 
Depending on the change of strain rate versus stress inside a material, the viscoelasticity can 
be categorized as having a linear, non-linear, or plastic response. When a material exhibits a 
linear response, the stress is linearly proportional to the strain rate and the material is referred 
to as a Newtonian material. In the case of linear viscoelasticity, the viscoelastic behavior of 
rubber-like materials can be modeled as linear combinations of springs and dashpots which 
represent the elastic and viscous components, respectively (Figure 4-3). 
S p r i n g »»,»»-ml—» 
Figure 4-3: Representation of elastic and viscous components using combination of springs 
and dashpots 
The spring (elastic component) is described by a modulus E. The relationship between the 
applied stress a and the induced strain follows Hook's law: 
cr = Es (4-2) 
I I | 
I I 1 
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The stress-strain relationship of the dashpot (viscous component) can be given as follows: 
a = T] ds 
dt 
(4-3) 
where r\ is the viscosity of the material. Viscoelastic materials, such as amorphous polymers, 
semicrystalline polymers, elastomers, etc., can be modeled using the combination of springs 
and dashpots in order to determine their stress-strain behaviors as well as their time 
dependences. These models, which include the Maxwell model, the Kevin-Voigt model and 





Figure 4-4: Schematic representation of the Maxwell model 
The Maxwell model, which consists of a purely viscous damper and a purely elastic spring 
connected in series (Figure 4-4), can be represented by the following equation: 
ds a 1 da 
dt r] E dt (4-4) 
The Maxwell model predicts that stress decays exponentially with time, which is accurate for 
most polymers. The limitation of this model is that it is unable to predict the creep of 
polymers. The Maxwell model for creep or constant-stress conditions shows that strain will 
increase linearly with time. However, polymers for the most part display a strain rate to be 





Figure 4-5: Schematic representation of the Kevin-Voigt model 
The Kevin-Voigt model, also known as the Voigt model, consists of a Newtonian damper and 
a Hookean elastic spring connected in parallel, as shown in the Figure 4-5. The constitutive 
relation is expressed as follows: 
<T = Es + TJ de 
dt 
(4-5) 
The Kevin-Voigt model is used to explain the creep behaviors of polymers. Upon the 
application of a constant stress, the model is quite realistic as it predicts strain to tend to a IE 
as time continues to infinity. As the Maxwell model, the Kevin-Voigt model also has 
limitations. The model is good for modelling creep in materials, but is much less accurate with 
regards to relaxation. 





Figure 4-6: Schematic representation of the Standard Linear Solid (Zener) model 
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The Standard Linear Solid model effectively combines the Maxwell model and a Hookean 












Although the Standard Linear Solid model is more accurate than the Maxwell and Kelvin-
Voigt models in predicting polymer responses, it returns inaccurate results for strain under 
specific loading conditions and is rather difficult to calculate. 
4.1.3 Hysteresis loss (damping) of elastomers 
When a viscoelastic material such as rubber is mechanically deformed, the stress/strain curve 
for extension differs from that for retraction; part of the energy required for deformation is 
dissipated and the remainder is stored in the network of rubber chains and released during 
retraction. The energy dissipated corresponds to a loss of mechanical energy and is closely 
related to the area of the hysteresis loop obtained in a single cyclic deformation. It has been 
demonstrated that the hysteresis loss in the material plays a key role in better performance, 
particularly in the applications where an elastomer is subjected to repeated deformation of 
sufficient magnitude and frequency, as in case of airplane and truck tires and rubberized road 
wheels used in the battle tank. The influence of hysteresis on the mechanical properties of 
rubbers has been the subject of many studies [ANDREWS, 1963; HARWOOD et al., 1968; 
KAMAL K. KAR, 1997; WIEGAND, 1920]. However, the mechanism of hysteresis loss in a 
rubber compound is still obscure. 
From the fundamental understanding of viscoelasticity, the complex shear modulus 
G* obtained from measurements at small strain is described by: 
G*=G'+iG" (4-7) 
where G and G are, respectively, the elastic and viscous contributions to the modulus. It has 
been reported that, at low strain, hysteresis loss, H, per cycle is proportional to the loss 
modulus with a simplifying assumption of a linear stress-strain relationship [FERRY, 1980]: 
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( nv^A2 
H = n DSA _n/ \ , . „, G (to) (4-8) 
.100, 
where DSA is the double strain amplitude and G (ca) is the loss modulus. Many dynamic 
mechanical experiments on rubbers were carried out [WANG, 1999] and some pure 
mathematical or empirical models were proposed to explain the behavior of the storage and 
loss modulus [HEINRICH et al., 2002; HUBER et al., 1999]. Hysteresis loss at low strain 
(<10%) using dynamic mechanical instruments at various frequencies and temperatures for 
natural rubber (NR) and styrene-butadiene rubber (SBR) vulcanizates has been reported by 
several authors [GENT, 1994; MEDALIA, 1978; THAVAMANI et al., 1992]. Compared with 
the number of studies at low strain, investigations of hysteresis loss at high strain are limited. 
Notable work in this area has been done by Harwood [HARWOOD, 1967; HARWOOD et al., 
1968] and Payne [PAYNE, 1974]. The main thrust of their work was to correlate hysteresis 
loss at high strain with failure properties such as tensile strength and rubber fatigue. It has 
been demonstrated that the mechanisms of hysteresis loss of rubbers at low and high strains 
are clearly different. In general, the hysteresis exhibited by a rubber vulcanizate is the result of 
several dissipative mechanisms, the most important of which are viscoelasticity, breakdown 
of fillers aggregates, the redistribution of the network of rubber chains (stress softening) and 
changes in network structure (i.e., the breakage of weak crosslinks such as a polysulfide 
crosslink). 
4.1.4 Effects of thermo-oxidative aging on viscoelasticity and damping of elastomers 
It is well known that the thermo-oxidative aging plays an important role in many industrial 
applications. For tire applications, heat generation in the rubber component under dynamic 
cyclic loading often causes a rise in temperature. For instance, temperature in the shoulder of a 
truck tire can reach 130°C-150°C [PARK et al., 2000]. The combination of the heat and 
dynamic stress can deteriorate the physical properties of the rubber vulcanizates. Therefore, a 
better understanding of the dynamic mechanical properties of rubbers under heat aging 
conditions is of great importance for predicting the lifetime of the rubber components. By 
analyzing the crosslink structures of aged rubber vulcanizates, Fan et al. concluded that 
oxidation of the rubber had a dominant effect on the dynamic mechanical properties [FAN et 
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al., 2001]. Bjork examined the complex modulus of the exterior and interior material in an 
aged natural rubber and ascribed the difference between them to the formation of an oxidized 
surface layer [BJORK et al., 1985]. Although many papers on rubber aging and dynamic 
mechanical properties are available, little work has been concerned with the influence of 
thermal aging on hysteresis loss of elastomers. What would be the effect of chemical changes 
due to aging (e.g., additional crosslinking and/or chain scissions) on the hysteresis loss ? What 
would be the relative relationship between hysteresis loss and other mechanical properties 
during aging, if there exist any ? This chapter attempts to answer these questions. The purpose 
of the study is to understand the dynamic (at low strain) and hysteresis (at high strain) 
behaviors of PCP rubber over a range of aging time and aging temperatures. 
4.2 Experimental 
4.2.1 Material 
Neoprene sheets of thickness of 1.6 mm supplied by Fairprene Industrial Products Co. USA 
were used. The aging of the samples were carried out in an air-circulating oven, Model B45 
C40 (Gruenberg Electric Company Inc.) under various combinations of aging time and aging 
temperature. 
4.2.2 Dynamic mechanical thermal analysis (DMTA) 
Dynamic mechanical thermal properties of unaged and aged samples were evaluated on a 
Perkin-Elmer DMA 7 under tension mode. The experiments were carried out at a frequency of 
1 Hz. The temperature scan was made between -50°C and 100°C at a heating rate of 2°C min"1 
The static and dynamic force applied were 550 and 500 mN, respectively. Samples of 
approximately 3 mm width and 20 mm height were used (see Figure 4-7). The storage 
modulus (E') and loss tangent (tand) were measured for all samples under identical 
conditions. The temperature at the maximum point of the tanS peak was taken as the 





Figure 4-7: Samples mounted on DMA under tension mode 
4.2.3 Hysteresis tests 
Hysteresis tests was performed using tensile dumbbells (ASTM D-412) on an Instron 
Automatic Material Testing System, Model 1137. The unaged and aged neoprene samples 
were subjected to a loading-unloading cycle at a constant deformation rate of 10 mm/min. The 
samples were initially mounted in mechanical clamps 44 mm apart, and the crosshead was 
adjusted to give zero tension. The specimens were stretched to varying extents and then 
allowed to retract at the same rate to the undeformed state. The hysteresis loss which is 
defined as the energy dissipated during the cycle was determined from the area between the 
loading and unloading curves. 
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4.3 Results and discussions 
4.3.1 Effects of thermal aging on dynamic properties of neoprene 
The temperature dependence of tan 8 for unaged and aged neoprene are shown in Figure 4-8. 
The tan 8 curve for unaged samples shows a peak at -15°C which corresponds to the Tg of 
neoprene. This value is a little bit higher than the Tg of unfilled neoprene reported in the 
literature (-25°C), probably due to the addition of reinforcing carbon-black filler in the 
material [KADER et al., 2003]. The tan £ curves for the aged samples show a shift towards 
higher temperatures showing an increase in Tg. For example, after aging at 140°C during 48h 
there was an increase of 7°C in Tg attributed to an increased restriction in the conformational 
mobility of the chains by the additional crosslink network. The maxium values of tan 8 for 
aged samples are significantly lower than that of the unaged sample implying a pronounced 
change in the damping properties in the region of the glass transition temperature. As 
mentioned above for neoprene, at high aging temperatures, the crosslinking degree increases 
causing a restriction of chain motions, and the "tight" network is incapable of dissipating 
much energy. However, the variation of tan lvalues at higher temperatures (e.g. higher than 
the room temperature) was significantly lower because of the higher mobility of the main 
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Figure 4-8: Tan 8 versus temperature plot for unaged and aged neoprene samples 
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The variation of the storage modulus E' as a function of temperature for unaged and aged 
neoprene samples is shown in Figure 4-9. Though the E' value of the aged sample is lower 
below Tg, this value is markedly higher above Tg in comparison to that of unaged sample. 
These results clearly indicate that PCP becomes stiffer on aging. It may be due to crosslink 
formation of the polyene formed by the dehydrochlorination of PCP as reported in the 
literature [KALIDAHA et al., 1993]. This also confirms the results obtained from the Young 
modulus determined by the tensile tests in chapter 2. However, the variation in the modulus 
due to aging obtained from DMTA ( at low strains) is less significant than that determined 
from tensile tests (at moderate strains). In the next section, the influence of thermal aging on 
the hysteresis loss of PCP will be investigated to further understand the mechanisms 
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Figure 4-9: Storage modulus E versus temperature plot for unaged and aged neoprene 
samples 
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4.3.2 Effects of thermal aging on hysteresis loss of neoprene 
Figure 4-10 shows the typical behavior of an unaged neoprene sample subjected to 3 
consecutive load cycles with different final strains (0.25, 0.5 and 1). It is obvious that a 
substantial amount of hysteresis occurs at all levels of final strain. However, the stress-strain 
behavior is observed to undergo a softening with strain history. After having been subjected to 
a prior strain, e.g., 0.25 in the first cycle, during reloading in the second cycle (up to the 
maximum strain of 0.5), the material exhibits a greater softening response at strains smaller 
than the maximum strain of 0.25 incurred in its prior strain history. As the reloading strain 
approaches the maximum strain sustained in its prior strain history, the stress-strain behavior 
begins to stiffen and rejoin the reference virgin curve. The amount of softening reduces with 
each successive cycle, until after about 10 cycles, a reproducible stress/strain curve is obtained 
[HARWOOD, 1967]. This well-known phenomenon which causes an appreciable amount of 
energy dissipation, is often referred to as stress-softening, stretch-induced softening or Mullins 
effect in view of the comprehensive study of this behavior by Mullins on unfilled and filled 
rubbers during the 1950s and the 1960s [MULLINS, 1969; MULLINS et al., 1957; 
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Figure 4-10: Loading-unloading cycles for unaged specimens 
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The mechanisms responsible for stress-softening are mainly related to three mechanisms: 
rupture of weak chemical bonds in the rubber chains; rupture of the crosslinks created by 
vulcanization of the rubber; and physical rearrangement of the rubber matrix. After 
polymerization, rubber materials are composed of long macromolecular chains connected by 
trivalent segment cross-links (Figure 4-11). Other links are weak molecular interactions due 
to the polarization of monomer molecules. These two types of links lead to an amorphous 
chains network, as shown in the left-hand side of Figure 4-11. When the material is stretched 
for the first time, some chains are extended until their limit of extensibility, resulting in the 
rupture of some weak links. The number of breakdowns increases with the maximum stretch 
ratio of the continuum in which polymer chains are embedded. In the same way, some weak 
interactions are no more able to stand, and they break down during stretching. As the number 
of breakdowns increases, the number of junction points between chains decreases. When the 
deforming load is removed, the network is unable to attain its original distribution easily and, 
when the rubber is stressed a second time, part of the network is already in a preferred 
orientation. Consequently a smaller force is required for extensions to the initial maximum 
strain. 
Figure 4-11: Weak links and cross-links breakdown 
Another mechanism responsible for the Mullins effect is the rearrangement of the rubber 
network by the reptation of macromolecules that are "elastically inactive" (i.e. molecules that 
carry less load and have the capability to significantly change conformation during creep 
loading). To explain this mechanism, three types of inactive chains are shown in Figure 4-12. 
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Figure 4-12: (a) Relaxation of one free chain in a network; (b) Relaxation of inactive chain 
segments in a network; (c) Relaxation of a chain end in a network 
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For example, Figure 4-12 (a) shows the relaxation of one free chain in the network. If the 
network is deformed at a high enough rate then the free chain will also deform more or less 
affinely with the network. Hence the entropy of the free chain is decreased and the free chain 
contributes additional deformation resistance. If the applied strain is then held constant in the 
deformed state the free chain will slowly, by Brownian motion, return to a more relaxed 
configuration. The rate of return towards a relaxed configuration is given by the governing 
reptation motion of the free chain [DOI et al., 1986]. In a real elastomer network, although 
free chains may not exist, there are almost always free chain-ends (Figure 4-12 (c)) which 
behave as the free chain described above. Qualitatively, the same behavior is exhibited by the 
inactive chain segment in Figure 4-12 (b) and the free chain in Figure 4-12 (a). The loop A-B-
C in Figure 4-12 (b) undergoes Brownian motion and has an equilibrium position at a finite 
distance from the constraining chain DD'. Therefore, DD' behaves as an obstacle which 
imposes an energy barrier to the relaxation process. A stress-softened rubber is thus in a quasi-
irreversible equilibrium state, the attainment of which has resulted in the dissipation of a large 
amount of energy. 
Figure 4-13 shows stress-strain cycle curves for a neoprene sample aged at 140°C during 24h. 
The sample was also subjected to 3 consecutive load cycles with the same final strains (0.25, 
0.5 and 1) as for imaged material. It can be seen that for neoprene the stress-softening effect is 
more significant after aging. The hysteresis loss of aged samples is also much larger than that 
of the unaged sample (Figure 4-14). For instance, after being aged at 140°C during 24h, the 
cycle up to 100% of deformation of the aged sample show an increase in dissipation energy 
about 2.5 times larger than that obtained for the unaged sample tested at the same strain level. 
The increase in dissipation energy (hysteresis loss) for samples aged under various aging 
conditions is illustrated in Figure 4-15. For neoprene, thermo-oxidative aging results in 
significant increase in the damping effect when the material is subjected to load cycles at high 
strain. In contrast, the results from DMT A, which correspond to low strain show a lower value 
of the damping property (tan S) for the aged samples, as seen previously in Figure 4-8. This 
confirms that mechanisms of energy dissipation of rubbers at low and high strains are clearly 
different. As presented in Chapter 2, crosslinking is dominant during thermal aging of 
neoprene. The increase in crosslink density leads to a restriction of chains mobility. 
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Consequently, the material becomes stiffer and when it deforms under the application of a 
small sinusoidal force like in DMTA tests the "tight" network is incapable of dissipating much 
energy. The tan 5 values of the aged neoprene, therefore, are lower than that of the unaged 
material. However, when the material is subjected to a higher deformation, a rearrangement of 
the network chains occurs during deformation due to the breakdown of weak links as well as 
the disentanglement of inactive chains. The higher crosslink density caused by aging implies 
shorter chain length between crosslinks and an increased possibility of breaking chains at high 
deformation in comparison with unaged samples. As a result, when the deforming load is 
removed, the average number of inactive chains, such as free chains, free chain-ends, etc., in 
an aged network will be larger than that in the unaged network, resulting in a higher capability 
of dissipating energy. In the next section, an attempt will be made to evaluate this dissipation 
energy (corresponding to the hysteresis loss) as a function of aging time, aging temperature 
and deformation. 
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Figure 4-14: Loading-unloading cycles of unaged and aged samples (at 140°C during 24h) up 
to 100% of deformation 
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Figure 4-15: Variation of hysteresis loss of neoprene (up to 100% of deformation) with aging 
time at different aging temperatures 
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4.4 Development of a theoretical model to calculate the hysteresis loss variation due to 
aging 
As mentioned above, the major sources of hysteresis in rubbers come from changes in the 
network configurations (stress softening) and changes in the network structure (the breakage 
of weak crosslinks). These changes are closely related with the crosslink density of the rubber 
network: during deformation a higher crosslink density leads to more changes in network. 
Moreover, the variation of hysteresis loss of neoprene up to a given deformation with aging 
time and aging temperature (e.g., Figure 4-15) is similar to the variation of the tensile modulus 
(which is proportional to the crosslink density) with aging time and aging temperature, as 
shown previously in Figure 2-17. From the results obtained in Chapter 2, the aging time-aging 
temperature dependence of the tensile modulus E is governed by an energy activation process 
and can be described using the following Dakin-type kinetic relation: 





in which E0 is the modulus of unaged material, A the pre-exponential factor, Ea the activation 
energy, R the gas constant (8.314 J K"1 mol"1), t the aging time, and T the absolute aging 
temperature. A corresponding equation applied to the hysteresis analysis up to a given 
deformation gives: 





where H0 is the theoretical hysteresis loss up to the given deformation of unaged neoprene. 
Table 4.1 shows the values of the parameters H0, A, and Ea when using Equation (4-10) to 
analyze the effect of aging on the hysteresis loss for 3 maximum deformations of 25%, 50% 
and 100%. 
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Table 4.1: Values of parameters H0, A, and Ea for hysteresis analysis 
Parameters 
Up to 25% of deformation 
Up to 50% of deformation 
















Equation (4.10) is in good agreement with experimental data as shown in Figures 4-16, 4-17, 
and 4-18 where theoretical curves are presented. The activation energies Ea obtained from the 
hysteresis analysis at various deformations (average of 69.4 kJ/mol) are comparable to the 
activation energy obtained from the tensile modulus analysis (74.3 kJ/mol as found in Chapter 
2) suggesting that these properties are controlled by a similar thermo-oxidative aging process 
which has a constant activation energy over the investigated range of aging times and aging 
temperatures. The theoretical values of the hysteresis loss at imaged condition up to 25%, 50% 
and 100% of deformation are 18 kPa, 82 kPa, and 320 kPa, respectively. These values are 
consistent with the experimental measurement of hysteresis loss up to the same deformations 
for unaged neoprene, which gives the average values of 17 kPa, 72kPa, and 321 kPa, 
respectively. 
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Figure 4-17: Theoretical curves and experimental data of hysteresis loss up to 50% of 
deformation 
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Figure 4-18: Theoretical curves and experimental data of hysteresis loss up to 100% of 
deformation 
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Equation (4-10), however, is incapable of providing the hysteresis loss as a function of 
maximal deformation. Because the two parameters H0, and A are dependent on the maximum 
stretching ratio x in the tensile retraction curve, Equation (4-10) can be rewritten in a general 
form as follows: 
( ( E ^ 
H(t,T,x) = H0(x)exp A(x) texp RT 
(4-11) 
J) 
or: log H(t, T, x) = log H0 (x) + A(x)t expl RT loge (4-12) 
When plotting \ogH(t,T,x) versus log(x), a linear relationship can be observed for unaged 
as well as aged samples in the range of aging times and aging temperatures investigated in this 
work. Figure 4-19, for instance, shows the variation of log Has a function of logx for 
neoprene samples aged at 140°C during different aging times. 
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Figure 4-19: Log(H) versus log(x) plot for neoprene aged at 140°C during various aging times 
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Thus, the hysteresis loss H(t,T,x) can be described empirically as: 
H(t, T, x) = m(t, T) x n{t,T) (4-13) 
or in logarithm expression: 
log H(t,T,x)= log m(t, T) + n(t, T)\ogx (4-14) 
In the case of unaged samples, Equation (4-13) gives Ho(x)=m0 x"° (4-15) and from the plot 
of logi/0 - logx (Figure 4-20), two constants m0 and nn are determined: 
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Figure 4-20: Log(i/0) versus log(x) plot for unaged neoprene 
Substituting H0(x)=m0 xn° into Equation (4-12) gives: 
log H(t, T, x) = log m0 + n0 log x + A(x) t exp 
f T? \ 
v RTj 
loge (4-16) 
From Equation (4-16) it can be seen that a linear relationship between log H and logx (as 
shown in Equation (4-14)) exists only if: 
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A(x) = a + b log x (4-17) 
Figure 4-21 confirms the linear relationship between the parameter A and logx and from the 
plot of A - log x, two constants a and b can be deduced: 
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Figure 4-21: Variation of parameter A as a function of log x 
Hence, after substituting the relations (4-15) and (4-17) into Equation (4-11), the following 
dependence of the hysteresis loss on deformation, aging time and aging temperature is 
obtained: 
H(t,T,x)=m0 x"° exp (a + blogx) t exp 
V 
or in the logarithm expression: 
E (4-18) 
log H(t,T,x) = logm() + at log e exp 
f
 E \ \ f 
RT 
v 1V1 J 
+ n0 +b tloge exp 
v RTj 
logx (4-19) 
The constants m0, n0, a, b, and the activation energy Ea used to evaluate the hysteresis loss of 
neoprene are shown in Table 4-2. 
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Using the values of m0, nB, a, b, and Ea given in Table 4-2, Equation (4-18) is applied to 
estimate the theoretical values of the hysteresis loss of aged neoprene under a range of various 
maximum stretching ratio. Figures 4-22, 4-23, and 4-24 illustrate the relatively good 
agreement between experimental data and the theoretical model. Equations (4-18) or (4-19), 
therefore, can be used to predict the dependence of hysteresis loss of elastomers at high strain 
on aging time and aging temperature. 
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Figure 4-22: Theoretical curves and experimental data of hysteresis loss of aged neoprene 
samples up to 25% of deformation 
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Figure 4-23: Theoretical curves and experimental data of hysteresis loss of aged neoprene 
samples up to 50% of deformation 
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Figure 4-24: Theoretical curves and experimental data of hysteresis loss of aged neoprene 
samples up to 100% of deformation 
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4.5 Conclusion 
The DMTA indicates an increase in the Tg of neoprene during thermo-oxidative aging. The 
tan S curves for the aged samples show a shift towards higher temperatures with a reduction in 
the height of the damping peak (tanc>max) because of an increased restriction in the 
conformational mobility of the chains due to additional crosslinking. In contrast, aging leads 
to a significant increase in energy dissipation when the material is deformed at high strain. 
This discrepancy is attributed to the difference between the mechanisms of hysteresis loss of 
rubbers at low and high strains. During large deformation, changes in the network 
configurations (stress softening) and in the network structure (i.e. the rupture of weak links, 
the breakdown of the interactions between filler particles and the rubber matrix, etc.) occur 
and these changes become more pronounced with the higher crosslink density caused by 
aging. Consequently, when the deforming load is removed, the average number of inactive 
chains, such as free chains, free chain-ends, etc., in an aged network will be larger than that in 
the unaged network, resulting in a higher capability of the system to dissipate energy. 
Furthermore, the aging time-aging temperature dependence of the energy dissipation at high 
strains is found to be similar to the change in the tensile modulus due to aging with a similar 
value of the energy activation. A new theoretical model has been developed for evaluating the 
hysteresis loss of unaged and aged neoprene subjected to different loading conditions. It can 
be seen that the proposed model is capable of predicting the large strain aging-dependent 
behavior of elastomers by choosing appropriate material constants. 
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5. CHAPTER 5 
CORRELATION BETWEEN PHYSICO-CHEMICAL MECHANISMS OF 
OXIDATIVE AGING AND MECHANICAL PROPERTY CHANGES 
5.1 Introduction 
It is well known that the combination of oxygen as the reactant and heat as the energy source 
is a major factor in material degradation [MCDONEL et al., 1959]. The degradation leads to 
changes in the molecular structure and, consequently, to changes in chemical and physical 
properties of materials [BUDRUGEAC, 2001; CELINA et al., 1998; HAMED et al., 1999]. In 
most cases, the oxidation processes exhibit an induction period where the oxygen 
consumption rate is sufficiently small that it is often undetectable [WISE et al., 1995]. At the 
end of the induction period, rapid oxidation increases with time and temperature leading to a 
sudden change in both chemical (oxygen consumption rate, carbonyl index, weight loss, gel 
fraction, etc.) and mechanical (density, ultimate elongation, tensile strength, etc.) properties 
[ANANDAKUMARAN et al., 1992; OSWALD et al., 1965]. Hence, the oxidative induction 
time (OIT) is often considered as a relative measure of material thermal stability. OIT is 
measured using DSC in isothermal mode and is determined as the time between oxygen 
introduction and the onset of rapid exothermic oxidation in the DSC thermogram. Since OIT 
can be obtained from very small amount of material, OIT measurement can be considered as a 
nondestructive testing method. OIT has been proved to be a useful diagnostic tool in assessing 
the extent of degradation in polymeric materials, for example, in cable insulation 
[ANANDAKUMARAN et al., 1999; MASON et al., 1993]. 
From a fundamental point of view, the rate of thermal degradation of a given property is 
generally a function of temperature and conversion: 
^ = t(T,x) (5-1) 
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The single-step kinetics approximation employs the assumption that the function (j> in 
Equation (5-1) can be expressed as a product of two separable functions independent of each 
other, the first one, k(T), depending solely on the temperature and the other one, f{x), 
depending solely on the conversion of the process, x. The rate of the complex multi-step 
process can thus be formally described as [GLASSTONE et al., 1941]: 
| = * ( ? • ) / ( * ) (5-2) 
In general, the temperature function k[T) is mostly considered to be the rate constant and the 
conversion function / (x) is considered to reflect the mechanism of the process. The 
temperature function k(T) is most frequently expressed by the Arrhenius relationship 
[NELSON, 1971]: 
k(T) = A exp 
RT 
(5-3) 
where A is the preexponential factor, Ea is the activation energy, T is absolute temperature 
and R is the gas constant (8.314 J K"1 mol"1). The dependence of the investigated property as a 
function of aging time and aging temperature is deduced from the combination of Equations 
(5-2) and (5-3): 
dx A exp 
RT 
dt (5-4) 
Equation (5-4) can be rewritten in the integral form as: 





,__M exp RT (5-6) 
If a particular value of the investigated property x is chosen as a criterion, xc, it is apparent that 




or in the logarithmic form: 
log('c ) = ~± l0g(g) + COnSt-
Kl 
(5-8) 
The time, tc, has then become known as the "life" of the material corresponding to the given 
criterion. Because OIT is the time related to an abrupt change in chemical and mechanical 
properties of the material, Equation (5-7) or (5-8) can be used to describe the kinetics of the 
reaction occurring during the induction time. 
5.2 Experimental 
The kinetics of thermo-oxidative aging were determined using a Perkin-Elmer Differential 
Scanning Calorimeter (DSC), Model Pyris 1. Approximately 2mg of neoprene rubber was 
placed into the DSC pan and heated at 200°C/min from 50°C to a specific temperature 
between 240°C and 340°C in an atmosphere of flowing air. The sample was then held 
isothermally until an exotherm was observed. The time from the beginning of the isothermal 
process to the onset of the exotherm is referred to as the oxidative induction time (OIT). 
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5.3 Results and discussions 
Figure 5-1 shows the isothermal calorimetry curves at 300°C of 3 specimens. For all three 
specimens, the oxidative induction time (OIT) can be observed after about 4 minutes from the 
beginning of the isothermal process. It has been known that OIT is related to the amount of 
antioxidants in a polymer. Rapid oxidation occurs after the antioxidants in the sample have 
been exhausted [MASON et al., 1993]. However, large exotherms were not observed for 
neoprene suggesting that the role of antioxidants in the neoprene material used in this study 
may be less important. As the temperatures decreases, induction time increases, as seen in 
Figure 5-2. The variation of the induction time as a function of temperature is shown in Figure 
5-3. Rate constants for the initial stage of oxidation were calculated from the inverse of the 
induction time. Using Equation (5-8), an Arrhenius plot was constructed using the reaction 
rates determined from the induction times obtained in the range of temperatures between 
240°C and 340°C. As shown in Figure 5-4, a linear relationship between log(OIT) and 1/T was 
observed. The activation energy was calculated from the slope of the plot in Figure 5-4. The 
activation energy corresponding the oxidative induction time was found to be 89.5 kJ/mol. 
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Figure 5-1: Isothermal calorimetry curves of different specimens at 300°C. Induction time is 
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Figure 5-3: Variation of induction time as a function of temperature for neoprene 
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Figure 5-4: Arrhenius plot of the logarithm of the oxidative induction time for neoprene 
It is noteworthy that the value of activation energy of the thermal oxidation during the 
induction time is similar to that obtained from the oxygen consumption rate, namely, 90-94 
kJ/mol reported for neoprene [CELINA et al., 2000; GILLEN et al., 2004]. This suggests that 
the degradation rate of neoprene due to thermo-oxidative aging seems to be almost unchanged 
before and after OIT. During the induction time, therefore, thermo-oxidative aging also results 
in crosslink formation leading to changes in mechanical properties, such as tensile ultimate 
elongation, tensile strength, tearing energy, etc. Figure 5-5, for example, shows the variation 
of the tearing energy as a function of aging time for neoprene samples aged at 260°C. It is 
obvious that in the initial stage of aging, the tearing energy increases and passes through a 
maximum value. As explained in chapter 3, this peak corresponds to an "optimized" balance 
between the strength enhancement from additional crosslink formation and the capability of 
the crosslinked network to dissipate deformation energy. Further aging results in a significant 
increase in crosslink density and the "tight" network is incapable of dissipating much energy. 
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Figure 5-5: Variation of tearing energy as a function of aging time for neoprene samples aged 
at 260°C. Induction time is observed at the peak of the tearing energy-aging time 
curve 
As seen in Figure 5-5, the maximum value of the tearing energy corresponds to a specimen 
aged at 260°C during 21 minutes. Compared with the OIT data, one can note that that time is 
close to the OIT at 260°C measured with the DSC. This suggests that the onset in the 
exotherm observed with the DSC is related to the gel point at which the network requires a 
maximum energy to be broken. After the OIT, an abrupt change in the chemical properties 
may occur leading to a variation of mechanical properties. Figures 5-6, 5-7, and 5-8 present 
the variation of the normalized strain energy-to-break, normalized tensile strain-to-break, and 
normalized tearing energy, respectively, as a function of aging time at various aging 
temperatures. From the slopes of the lines drawn through the data, the rates of variation of 
these properties after OIT with aging time can be determined. Figure 5-9 combines the values 
of degradation rate obtained with the DSC as well as from the three mechanical properties 
(normalized strain energy-to-break, normalized strain-to-break and normalized tearing energy) 
displayed as log(rate) versus 1/T. 
115 
50 100 150 
Aging time (hours) 
200 
Figure 5-6: Variation of normalized strain energy-to-break as a function of aging time at 
various aging temperatures 
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Figure 5-7: Variation of normalized strain-to-break as a function of aging time at various 
aging temperatures 
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Figure 5-9: Arrhenius plot for neoprene using data obtained by different experimental 
methods 
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It is noteworthy that thermal degradation rates obtained from OIT measurements at high 
temperatures and degradation rates obtained from mechanical tests on samples aged at lower 
temperatures correspond to a unique line. From the slope of this line, a "global" activation 
energy of 91.54 kJ/mol was obtained. The linearity of all degradation rates in Figure 5-9 
shows that the effective rates of degradation are the same even though they were determined 
by very different methods. This implies that both DSC and mechanical testing methods probe 
the same changes in the polymer network structure, opening the possibility of extrapolating 
slow testing data from faster testing methods. The presence of antioxidants in the investigated 
neoprene appears to have little or no effect on the rate of degradation because the rates 
deduced from the mechanical tests using data after OIT and the rates deduced from the DSC 
tests using data at OIT fall on the same line. The antioxidants, thus, appear to affect only the 
length of the initial states of oxidation. 
5.4 Conclusion 
The rate of thermo-oxidative aging in neoprene can be measured by both thermal induction 
time and mechanical properties such as tensile ultimate elongation, tensile strain energy at 
break and tearing energy. Because thermal induction time tests at high temperatures are 
relatively fast experiments, combining these with a lower number of mechanical tests after 
thermally aging could speed up the time required to predict elastomer life. 
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6. CHAPTER 6 
CONCLUSION AND FUTURE WORKS 
6.1 Conclusion 
In this work, the tensile, tearing and cutting behaviors of unaged and thermally aged neoprene 
rubber were investigated systematically. This study revealed the important fundamental 
parameters which govern the elastic behaviors, the damping properties as well as the fracture 
performances of elastomers. Using the kinetics of thermo-oxidative aging, the variation in 
mechanical and fracture properties of neoprene due to aging was explained in terms of 
molecular interpretation. Some theoretical models were developed to predict the elastic 
behaviors, damping characteristics and fracture performances of neoprene as a function of 
aging time and aging temperature. In this study, most significant results can be briefly 
reviewed as follows: 
1/ Crosslink formation dominates during aging of PCP, leading to an increase in hardness, and 
a decrease in ultimate elongation. In terms of strength and fracture performance, thermal aging 
of PCP seems to consist of two primary stages. In the early stage of aging, the tensile strength 
and the tearing energy increases then passes through a maximum value corresponding to the 
moment at which the elastomer reaches an optimized balance between the strength 
enhancement from additional crosslink formation and the capability of the crosslinked 
network to dissipate deformation energy. Further aging results in a restriction of chain 
motions and reduces both the strength and tearing energy of PCP. Due to diffusion-limited 
oxidation, the change in the fracture properties, such as tensile strength, tensile ultimate strain 
and tearing energy of aged samples is more pronounced at the surface than in the bulk of the 
sample. The Arruda-Boyce eight-chains model was capable of describing the stress-strain 
behaviors of elastomers at large deformation. However, in the range of moderate deformation, 
the Mooney-Rivlin provided the best fit with experimental data. The dependences of the 
Mooney-Rivlin parameters (i.e. C; and Ci) and the small strain modulus were found to follow 
the Arrhenius relationship with similar activation energy. 
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2/ The tearing energies obtained at different tear rates and temperatures superimposed well on 
a single master curve using the WLF rate-temperature equivalence. The tear tip diameter 
appears to be function of crack growth rate and temperature in a same manner as the intrinsic 
viscoelastic properties of the elastomer. Therefore, it is suggested that the tearing of 
elastomers is governed by the viscoelastic process. During aging, the diameter of the tear tip 
of PCP maintained almost constant with a value of about 0.5 mm. The results suggest that the 
decrease in tearing energy is due to a decrease in the strain energy density of fracture rather 
than by a change in the crack tip radius. The variation of tearing energy due to aging was 
shown to follow an Arrhenius law in the same manner as the oxygen consumption rate. For 
neoprene, a similar activation energy of 90-95 kJ/mol was obtained from the investigation of 
the effect of aging on both tearing energy and tensile fracture energy indicating an implicit 
relationship between tearing and tension. 
3/ The study in cutting pure shear and Y-shaped test pieces confirms the validity of the 
fracture criterion proposed by Lake and Yeoh. It is found that the fracture energies required to 
propagate a crack in cutting obtained from pure shear and Y-shaped test pieces are nearly the 
same and unchanged with aging. However, this value is much smaller than that obtained from 
tearing tests. This discrepancy might be attributed to the small scale of fracture mechanisms 
applied at the cut tip. Cutting performance of elastomers seems to depend only on the rupture 
of C-C bonds whereas tearing resistance of elastomers appears to be a function of crack tip 
diameter and strain energy density at break at the region around the crack tip. 
4/ The DMTA measurements showed a shift in the tan S curves towards higher temperatures 
indicating an increase in Tg due to thermal aging. The tan 8 values of aged samples are lower 
than that of the unaged sample implying a reduction in the damping properties. However, 
thermo-oxidative aging results in a significant increase in the damping value when the 
material is subjected to load cycles at high strain. This discrepancy is attributed to increases in 
the average number of inactive chains due to aging when the material is deformed at high 
strain. As a result, when the deforming load is removed, the network of aged samples which 
includes a larger number of inactive chains is capable of dissipating more energy. A 
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theoretical model has also been developed for predicting the hysteresis loss of unaged and 
aged neoprene subjected to different loading conditions. 
5/ The kinetics of thermo-oxidative aging was determined using a Perkin-Elmer Differential 
Scanning Calorimeter (DSC). The oxidative induction time (OIT) has been proved to be a 
useful diagnostic tool in assessing the extent of degradation in polymeric materials. It is 
noteworthy that the thermal degradation rates obtained from OIT measurements at high 
temperatures and the degradation rates obtained from mechanical tests at lower temperatures 
combine in a single line governed by a similar activation energy. This implies that both DSC 
and mechanical testing methods probe the same changes in network structure, opening the 
possibility of extrapolating slow testing data from faster testing methods. 
6.2 Future works 
This study aimed to investigate the effect of thermo-oxidative aging on mechanical behaviors 
of neoprene in the range of aging temperatures above 100°C. It was found that the changes in 
chemical and mechanical properties due to thermo-oxidative aging were governed by a similar 
oxidation mechanism with the activation energy of about 90-95 kJ/mol. In the lower aging 
temperature region (25°C-80°C), however, lower values of activation energy have been 
observed [CELINA et al., 2005, GILLEN et al., 2005], implying that a non-Arrhenius 
behavior would occur. Using several sensitive techniques such as the oxygen consumption 
measurement, FTIR, etc. [CELINA et al., 1997, WISE et al,. 1995], the activation energy 
controlling the change in properties of neoprene due to thermo-oxidative aging at low 
temperatures could be determined. This would allow the lifetime of neoprene to be predicted 
quantitatively under any aging conditions. 
Moreover, the same methodology used in this study could be applied to investigate the effect 
of thermo-oxidative aging on mechanical behaviors for other elastomers. The results would 
provide a fundamental understanding of the aging dependence of the material which is 
necessary to the forecast of its long-term performance from short-term tests. 
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APPENDIX: ELASTICITY OF RUBBERS 
Rubber has been well known as a peculiar material which possesses an extremely high 
extensibility generated by low mechanical stress as well as an ability to completely recover 
after deformation. In addition, thermo-elastic properties of rubbers are different from those of 
other materials. One of the earliest contributions to the subject of the physics of rubbers was 
that of Gough who showed in 1805 that stretched rubber contracted on heating and extended 
on cooling. He also demonstrated that heat was generated on stretching and absorbed on 
retraction. These thermodynamic effects were confirmed later by Joule and Kelvin using the 
more perfectly reversible vulcanized rubbers. The peculiar mechanical and thermo-elastic 
properties of rubbers, however, could not be interpreted for long time because of the difficulty 
in explaining their very high extensibility in terms of classical concepts of the structure of 
materials. 
It was Meyer and coworkers [MEYER et al., 1932] who first clearly interpreted the long-
standing problem of rubber elasticity in terms of the chainlike structure of the polymer 
molecule. With regarding a rubber molecule as a flexible chain of more or less freely rotating 
links, he found that after deformation, the rubber molecule will quickly revert to its normal 
crumpled form as a result of the random thermal rotations and vibrations of individual atoms. 
By thermodynamic considerations, Meyer also showed that the spontaneous retraction of the 
extended chain is due to a reduction of configurational entropy. Through the research of James 
and Guth [JAMES et al., 1949], Treloar [TRELOAR, 1943] and Wall [WALL, 1943], the 
quantitative relations between chain extension and entropy reduction were clarified. In 
contrast to most other materials such as metals, ceramics, etc., the retractive stress of rubber 
arises through the reduction of entropy rather than through changes in internal energy. The 
elasticity of rubber is thus not static, as is that of an ordinary crystalline solid, but kinetic. 
In the following section, the essential physical background of rubber elasticity, starting from 
the kinetic or statistical theory is presented. It is then followed by the development of recent 
methods which represent the elastic properties of rubbers in the most general mathematical 
form. 
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A/ Kinetic or statistical theory of rubbers elasticity 
A. 1 Thermodynamics of rubbers elasticity 
In the elementary thermodynamic consideration, the work done on an elastic solid dW in an 
infinitesimal displacement dl can be evaluated using the first law of thermodynamics: 
dW=f.dl = dU-dQ (A-l) 
where/is the external force applied on the solid, dlf is the change in internal energy and dQ is 
the change in the heat supplied. For an isothermal change of state at constant volume, dQ = 
TdS, T and S being respectively the absolute temperature and entropy, thus: 
dW = dU- dQ = (dU- TdS) = d (U- TS)T,v = dA (A-2) 
in which A = U-TS represents the Helmholtz free energy. From Equations (A-l) and (A-2), 
the force / required to maintain a constant length / in a sample of rubber at an absolute 
temperature is represented as the sum of an internal energy and an entropy component as 
follows: 
/ = dA 
dl JT ydl jT 
(A-3) 
The term f&S^ 
\dl j r 
may be evaluated by studying the variation of force with temperature at 
constant stretched length and applying the easily derived thermodynamic relations: 
8TJ, 8T 
fdA} 








\ 5/ jT 
into Equation (A-3) gives: 
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ei •f- T JT 
(A-5) 
Early experimental studies of Meyer and Ferri [MEYER et al., 1935] on the stress-temperature 
behavior of rubber showed a linear relationship between the tensile force at constant length 
and the absolute temperature. The right-hand side of Equation (A-5) is therefore close to zero, 
indicating that the internal energy U is almost unchanged during deformation of rubbers. 
Equations (2) and (3) can be then expressed by the following approximations: 
dW 
f = 






Thus, it can be seen that an increase in the external force f in extension is associated with a 
negative value of f&S^ 
dl 
, i.e. a decrease in entropy S. The high extensibility and recovery 
\ui j T 
properties of rubbers are due to deformation induced changes in entropy rather than due to 
changes in internal energy. The quantitative evaluation of the stress-strain characteristics of 
rubber then involves the calculation of the configurational entropy of the network of chains as 
a function of strain. 
A.2 Entropy of a single chain 
A quantitative expression for the entropy of a single chain starts from the application of the 
statistical theory. Kuhn [KUHN, 1934] considered a single long, flexible molecule 
corresponding to a randomly jointed chain of n equal links, each of length /. The probability of 
a given distance r between the ends of such a chain, regardless of the direction, is given by a 
Gaussian probability function: 
P(r) = Aexp(-b2r2) (A-8) 
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, is then given by nl2or 312b2. 
The entropy of the freely jointed chain is derived from the application of the Boltzmann 
relationship between the entropy s and the probability P, that is: 
s = klnP = c-kb2r2 =c-kb2(x2 +y2+z2) (A-9) 
where c is a constant and k is Boltzmann's constant. The interpretation of Equation (A-9) is 
that the difference of entropy between any two states is proportional only to the corresponding 
difference of r2. It is also noteworthy that there is a reduction in entropy (like the probability) 
as the distance between two ends of the chain increases in extension. 
A.3 Calculation of network entropy 
We consider an ideal network in which each segment of a molecule between successive points 
of cross-linkage is considered to be a freely jointed Gaussian chain. Following the idea 
originally introduced by Kuhn [KUHN, 1936], we assume that the x, y, and z components of 
the chain vector length r change on deformation in the same ratio as the corresponding 
dimensions of the bulk rubber (affine deformation assumption). Taking the principal axes of 
strain to be parallel to the x, y, and z axes, the components of length for the individual chain 
change on deformation from (x,y,z) to (Aix, fay, faz), in which fat fa, and fa are the principal 
extension ratios parallel to the three rectangular coordinate axes x,y, and z. From Equation (A-
9), the change of entropy due to the deformation for the individual chain is therefore: 
As = -kb2 \x2 -l)x2 + [x2 -\)y2 + [x2 - l )z 2 j (A-10) 
For the assembly of N chains contained in a unit volume of the network, in taking into account 





where r2 is the mean square chain vector length in the unstrained state. Since r2 in the 
undeformed state is likely to be similar to that for a corresponding set of chains in the free or 
uncrosslinked state (i.e. 3/2b\ we obtain on summation of Equation (A-10) the entropy of 
deformation AS for the network in the form: 
AS = --Nk{x2 + X2 + X2 - 3 ) (A-12) 
As mentioned above, all states of deformation have almost the same internal energy 
(£JJ = 0), so the work of deformation per unit volume is: 
W = -TAS = -NkT{x2 + X2 + X2 - 3 ) (A-13) 
In the case of simple extension: \\ = X, X2 = A3 = 1/ X (Figure B.2), the engineering stress-
extension ratio is given as follows: 
dW
 Mvr 





The statistical theory based on a specific molecular model has been applied to many 
phenomena, such as swelling in solvents, thermoelastic effects, photoelasticity, etc., as well as 
in all of fields which require a profound physical insight into the molecular mechanisms. 
However, certain deviations between the observed forms of stress-strain relations for rubbers 
and the corresponding forms predicted by the statistical theory (particularly in the case of 
simple extension) lead a necessity of providing a more realistic representation of the actual 
properties. The following section will consider the "phenomenological" theory based on the 
particular type of general mathematical formulation in terms of strain invariants developed by 
Rivlin [RIVLIN, 1948] and its application to some problems of the engineering types. 
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B/ Phenomenological theory - General theory of large elastic deformations 
In general, the stress-strain relations for rubber-like materials can be determined if one knows 
the form of the function W defining the work of deformation or elastically stored energy per 
unit volume. According to Rivlin [RIVLIN, 1948], the form of Wfox an isotropic material in 
the unstrained state must be a symmetrical and even-powered function of the three principal 
extension ratios ki, k2, and k$. The three simplest even-powered functions are the so-called 
strain invariants, defined as follows: 
i j — A] + Aj + A3 
12 — Aj Aj + A2 A3 + A3 Aj /• 
h ~KK^l 
(B-l) 
In addition, for an incompressible material: I3 = 1; hence the two remaining equations may 
then be written: 
i j — Aj + A2 + A3 
i2 =i/Ji;+\/Ai + \/ki (B-2) 
It follows that the strain energy density W (i.e. the amount of energy stored elastically in unit 
volume of material) is a function of//, and h only: 
FT = J T ( / 1 - 3 , / 2 - 3 ) (B-3) 
(Since // and h take the value of 3 when kj= k2= ks=l, subtracting this amount gives strain 
measures that go to zero in the unstrained state). The most general form can thus be 
represented by the series: 
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W= SCJA-Sr^-S)" (B-4) 
m=0,«=0 
where Cmn are constants (C00= 0). From Equation (B-4), the two simplest expressions are: 
^ = ^ ( 7 , - 3 ) (B-5) 
W = C2(l2-3) (B-6) 
It can be seen that Equation (B-5) with Cx = — NkT corresponds to the relation obtained from 
the Gaussian network theory, as shown in Equation (A-14). 
The most general first-order expression in Ij and h obtained by combination of Equations (B-
5) and (B-6) is: 
W = Cx{h "3 )+ C 2 ( / 2 -3 ) (B-7) 
This particular form of strain energy function was originally proposed by Mooney 
[MOONEY, 1940] and is often called the Mooney-Rivlin equation. In general the Mooney-
Rivlin equation gives a closer approximation to the actual behavior of rubbers than the simpler 
equation involving only I] derived from the Gaussian network theory. 
B.l General stress-strain relations 
Assuming that a satisfactory strain energy function has been defined, it is now necessary to 
consider how the stress-strain relations are obtained. 
Because any homogeneous strain can be produced by a homogeneous pure strain followed by 
a suitable rotation, it is only necessary to derive the relations between the principal stresses a\, 
o"2, and o"3 and the principal extension ratios X\, X2, and A3 in a homogeneous pure strain 
problem (Figure B-l). 
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• • o , 
(a) (b) 
Figure B-l: Pure homogeneous strain: (a) unstrained state; (b) strained state 
The work done (per unit of initial undeformed volume) by the forces//, f2 and/j acting on the 
faces in an infinitesimal displacement from the deformed state where Xi, I2, h change to 
Xj+dXi, X2+CIX2, Xs+d X3 is: 
dW = f,dX, + f2dX2 + f3dX: 
\cr,X2X3)dX, + (<T 2X3X, ]dX2 + \o,3X,X2 jdX3 
= —dX, + —LdA~ + -J-dX3 
* 0 0 
Aj /I2 ^ 3 
(B-8) 
On the other hand, the phenomenological theory gives: 
Therefore: 
W = W(Il,I2,I3) 
.ur 8W 81, 8W 81, ,. 8W 81, , . 
dW = -dX, + -dX2 + -dX3 
81, 8X, 81, 8X2 81, 8X3 
+ 
8W 81 2
 dX,+ 8W 8L 
812 8X, 81\ 8X2 




8W 813 ,. 8W 813 ,, 8W 813 
+ ———-dA\+ —-—TT-dh + 813 dX\ 
dA-, 
8I3 8A2 8I3 8A3 
(B-9) 
By equating the coefficients of dki, dX2, and dks in Equations (B-8) and (B-9) and using the 
strain invariants given in Equation (B-l) to derive — - (i = 1:3; j = 1:3) we obtain: 
8A,. 
J ,2dW 1 dW T dW^ 
V 81, A\ 812 81 
(B-10) 
3 J 
with similar expressions for cr2 and <J3 . If the solid is incompressible I3 = 1 and W=W(li,h) 
only. In this case the stress is insensitive to pressure because for an incompressible material an 
arbitrary hydrostatic pressure p does not produce any changes in the deformation variables X,i, 
A/2, and X3. Thus, the principal stresses are given in index notation as: 
a„ = 2 
atJ=0 
A: 
28W 1 8W 
' 81, A] 81, + P (B-ll) 2 j 
The stress <JU denotes the force acting on a unit of area measured in the deformed state. In 
practice, it is more convenient to use the force fu (engineering stress) acting on a unit of 
undeformed cross-sectional area. For an incompressible material, there is a simple relationship 




B.2 Particular stress-strain relations 
B. 2.1 Simple extension (or uniaxial compression) 
1/2 A simple extension is defined by strain ratios: A,i = A,, X,2 = X3 = 1/ A, (Figure B-2) 
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a, 
/.. "-"A."' /.. "" /. A.. — X. 
°i 
Figure B-2: Principal extension ratios in simple extension 
If we choose as a reference state of stress that the sides of the block are stress-free, then a2 -
cr3 = 0, and Equation (B-l 1) for cx2 and cr3 becomes an equation for the unknown pressure 
P-
p = -2 
r\dW .dW^ 
A 
KA dlx dl 2 J 
(B-13) 
Substitutingp obtained from Equation (B-13) into Equation (B-l 1) gives: 
/ 




V dW 1 dW 
— + 
y dlx A dl2 j 
(B-14) 
For the Mooney form of W this becomes: 





v A; A V A 
(B-l 5) 
In terms of the applied tensile force per unit of undeformed cross-sectional area, Equation (B-
14) becomes: 
131 
A ^ - 2 . A- 1 \(dW 1 dW • + 
y dlx A dl2 j 
(B-16) 
If we consider only rather small strains, where rubber must obey the Mooney-Rivlin relation, 
dW dW 
Equation (B-7), then both and are constants and the relation between "engineering" 
dlx dl2 
stress and strain in simple extension becomes: 
/ = 2 H c1 + £2. A (B-17) 
By expanding in terms of the strain s ( = ^ - 1 ) and taking e to be small, the ratio fie at 
infinitesimally small strain (i.e. the value of the tensile modulus E) is found to be 6(Ci+C2). 
B. 2.2 Pure shear 
A deformation state described as "pure shear" is illustrated in Figure B-3. It is defined as a 
tension applied in the 1-direction with the condition that the width in the 2-direction is 
prevented from altering (i.e., X2 = T). Since a shear deformation is defined if a line parallel to 
one of the principal axes undergoes no change in length, the term "shear" is used for this 






Figure B-3: Principal extension ratios in pure shear 
Thus, for this strain state we have: kj = k, fo = 1, and ks = 1/ k. Using the condition <r3 = 0, 
the pressure/? is obtained from Equation (B-11) as: 
p = -2 
(
 1 dW
 2 dW^ 
KX2 81, 8I2J 
(B-18) 
Hence, the tension crx in the stretching direction is: 
f
 dW dW^ 
• + -




and the lateral stress <r2 supplied by the rigid clamps is: 
o-2 = 2 
3W „, dW 
• + X 
a/, di 
f 
2) '-} (B-20) 
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